
FLOX/METHANE

PUMP-FED ENGINE STUDY" ./%_,'_V_';:_.,..-.. -.'"..

by t.,_ . RECEIVED_

J. E. Colbert, S. A. Mosier, and T. E. Bailey _!

PRATT& WHITNEY AIRCRAFT
FLORIDA_ESEARCHAND DEVELOPMENTCENTER

Prepared for

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION (_

,- ,+..°,

,/

_ _ J

NASA Lewis ResearchCenter "
Contract NA$3-7950

L. H. Gordon,Project Manager

t,
'. , _;,' : .,_,

":' 30• . "+
,', . + ¢_

]9690]479]



• ,, i _ i

D

NOTICE

This report was prepared as an account of Government-sponsored work.
Neither the United States, nor the National Aeronautics and Space Adrnin-

l_tration (NASA), nor any person acting oil behalf of N ,XSA:

A.) Makes any warranty or representation, expressed or implied, with

respect to the accuracy, completeness, or usefulness of the infor-

mation contained in this report, or that the use of any information,

apparatus, method, or process disclosed in this report may not in-

fringe privately owned rights; or

B.) Assumes any liabilities with respect to the use of, or for damages
rcsulting from the use of, any information, apparatm, method, or
process disclosed in this report.
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FOREWORD
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The NASA Project Manager was Mr. L. H. Gordon. Liquid flox pnmp
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ABSTRACT

An experimental program was conducted to demonstrate the feasibility
of using the flox/methane propellant combination in a flight-type pump-

, fed rocket engine. Components from R!,IOA-1 oxygen/hydrogen engines

were modified and the suitability of the modifications was verified in com-

ponent tests; the program culminated with nine demonstration firings of the

integrated engine system. The data acquired definitely established that a

flight-qualified flox/methane engine can be developed using existing

technology.

-_r.

v

1969014791-005



_RECEDING PAGE BLANK NOT FILMEb.

CONTENTS

SECTION PAGE

ILI,USTRATIONS ................... ix
t

TABLES ................... xiii

I SUMMARY ................. 1

II INTRODUCTION ............... 5

III ENGINE FEASIBILITY DEMONSTRATION .............. 9

A. General ............................................................ 9

B. Engine Description ................................................ 9
C. Test Hardware ....................................................................... 11

D. Test Summary ................................................................. 14

E. Engine Operation ........................................................ 15

F. Steady-State Operation ............................................ 24
G. Hardware Condition ............................... 27

H. Concluding Remarks ..................................................... 28

IV INJECTORS AND THRUST CHAMBERS ............................. 29

A. General ..................................................................................... 29

B. Injectors ............................................................................... 29
C. Thrust Chambern ..................................................................... 48

V TURBOPUMP MODIFICATION AND TEST ...................... 67

A. Fuel Pump ............................................................................ 67

B. Oxidizer Pump .......................................................................... 72
C. Turbine .................................................................................. 80

D. Gear Train ............................................................................. 84

VI VALVES AND CONTROLS .......................................................... 87 _

A. Fuel Valves ............................................................................... 87

B. Oxidizer Valves ...................................................................... 90

APPENDIX A- Test Facilities and Propellant Handling ...... 103

APPENDIX B - Data Reduction and Performance

Calculations ...................................................... 121

APPENDIX C - Engine Cycle Analysis ...................................... 133

APPENDIX D - Tt_t Summary ................................................. 143

APPENDIX E - Referenca ......................................................... 175

APPENDIX F - Nomenclature ................................................... 177

vii

1969014791-006



_&F.CT-D_N._,PAGEBI:ANK,NOT FILME.D.

II,LUSTI_TIONS

FIGURE PAGE

1 1)elivered Performance - Constant Exit Diameter ........... 5

2 RIAOA-1 Propeilant Flow Schematic ............... 10

3 Flox/Methane Engine Operating Schematic . ....... 13

4 Pretest Photograph of Flox/Methane Engine FX-153,
Build No. 3 ............................ 14

5 Starting Transient for Engine Test No. E-1 ................... 18

6 Starting Transient for Engine Test No. E-4 ............... 22

7 Turbine Inlet Temperature Comparison, Tests E-3 and E-4 ........ 23

8 Starting Transient for Engine Test No. E-9 .................................... 25

9 Flox/Methane Engine FX-153 After Test E-9 .......................... 27

10 RLI0 Injector External Features .............................................. ._0

11 RL10 Injector Cross Section Showing Manifolding and

Element Configuration ................................................................ 31

12 Variation in Characteristic Velocity Efficiency With Injection

Momentum Ratio (Injector S/N HK 707) ....................................... 37

13 Injector S/N HK 707 After Test No. 13-USL ................................. 38

14 Comparison of Injector S/N HK 707 Characteristic Exhaust
Velocity Efficiencies at Different Flox Concentrations .................... 39

15 Injector S/N IF 764 After Uncooled Testing .................................... 41 i

16 Deposits on Spudplate as a Result of Swirler Reaction .................... 43 i

17 Injector S/N AAF 11 After Six Engine Firings ................................ 44 ":

18 Characteristic Exhaust Velocity Efficiency Summary ...................... 45

19 Variation in Injector Mass Flow Distribution (Based on

Water Flow Calibrations) ................................................................... 46

20 Characteristic Exhaust Velocities, Injectors S/N IF 763
and S/N AAF 11 .................................................................................. 46

21 Vacuum Specific Impulse, Injectors S/N IF 763
and S/N AAF 11 ............................................................................... 47

22 Experimental Vacuum Thrust Coefficient Efficiency ................... 48

23 Exploded View of Uncooled Copper Thrust Chamber and
Instrumentation Ring Assembly ........................................ 50

ix _,1
I

1969014791-007



ILLUSTRATIONS (Continued)

FIGURE PAGE

24 Location of Axial and Circumferential Skin "lhermocouples
on Uncooled Thrust Chamber ......................................................... 50

25 Circumferential Instrumentation Ring ............................................ 51

26 Arrangement of Circumftrential Instrumentation Ring
and Adapter ............................................................................. 52

27 Carbon Deposits in Uncooled Thrust Chamber After
Test Series No. 3 ................................................................................ ,_,'.'

28 Comparison of Measured and Experimental Heat Flux

For Injector S/N IF 764 ...................................................................... /iS

29 Circumferential Heat Flux Variation in Uncooled Chambers:

Data Taken 1.08 Inches from Injector Face .................................... 55

30 Results of Methane Heated Tube Tests at Supercritical
Pressure ................................................................................................. 56

31 RL10 Thrust Chamber Configuration .............................................. 57

32 RL10 Thrust Chamber Contour ....................................................... 57

35 Effect of Filler Braze on Temperature Distribution in
Tube Walls ..................................................................................... 58

34 Fin Installation in RLI0 Chamber Nozzle ........................................ 59

35 Tube Insert Installation in Combustion Chamber .......................... 60

56 Thermocouple Installation in Cooled Thrust Chamber ............... 61

57 Predicted Variation in Tube Wall Margin With Coolant Bulk

Temperature at Point. of Failure in Test No. S-CA ................... 65

S8 Rod Installation in Chamber JP88 Nozzle ................................ 64

59 Coolant Energy Rise ....................................................... 65

40 RLIOA-I Turbopump A._nnbly ........................................ 68

41 Comparison of Hydrogen and Methane RLI0
Turbopump Assembly _ 6g

42 First Stage of Modified Methane Pump 70

45 Pressure K/se Character/stics of Methane Modified

RLIOA-I Fuel Pump; 20,000 rpm 71

44 Variation in Efficiency With Flow-t_peed Ratio for

Methane Modified IU.10A-I Fv,el Pump 72

x

1969014791-008



ILLUSTRATIONS(Continued)

FIGU RE PAGE

45 RI,10,_-I Oxidizer Pump ................ 73

,t6 RI,10 Oxidizer Pump Seal Arrangement __ 74

-17 Variation in Cumulative Flox Leakage With Operating Time 76

48 Performance Data From 34-Minute Flox Pump Performance

and Durability Demonstration (Pump S/N C71Y002) __ . 77

49 Performance Data From Flox Pump Checkout

Test: Pump S/N C71Y001 ....................................... 79

50 Performance Data From Flox Pump Checkout

Test: Pump S/N C71Y002 ................................................................ 79

,51 RLIOA-I lst-Stage Turbine Stator Area Reduction ........................ 81

52 Methane Modified RLI0A-I Fuel Pump and Turbine Parts .......... 82

53 Post-Test Condition of l st-Stage Turbine Stator ................. 83

54 Efficiency of Methane Modified RLI0A-I Turbine ................... 84

55 Thrust Control Schematic .............................................................. 88

56 Oxidizer Inlet Valve Actuator ............................................................ 91

57 Oxidizer Inlet Shutoff Valve ...................................................... 92

58 Oxidizer Inlet Shutoff Valve Showing Original Fluorine

Configuration and Improved Configuration ................................... 94

59 Modified Oxidizer Flow Control Valves ......................................... 97

60 Oxidizer Flow Control Valve S/N C051Y002Full Open

Adjustment Calibration ............................................................ 100

61 Oxidizer Flow Control Valve S/N C52Y001 Full Open

Adjustment Calibration .................................................................. 100
-i

62 Liquid Propellant Research Facility ............................................... 105

6S Liquid Propellant Research Facility Schematic .......................... 104

64 Propellant Flow Schematic for Uncooled Sea Level Tetu ............ 105

65 Propellant Flow Schematic for Separately Cooled Tern ........... 107

66 Propellant Flow Schematic for Supplemental C_oling Tern __.. 108

67 Test Facility Flow Schematic for Engine Testa 109

68 LPRF Control Room 110

69 LPRF Data Recording Equipment 112

xi

1969014791-009



ILLUSTRATIONS (Continued)

FI(;URE PAGE

70 Flox/Mcthanc Engine Instrumentation Locations ....... 114
p

71 Fl:_x Seal Test Schematic ........................... !15

72 I,iquid Flox Scal Test Apparatus ....................... 115

7:] NASA IAquid Fluorine Pump I,oop Facility ..................... 116

7,t l,iquici Fhmrine Facility Valve .......................... !18

75 Schematic" Diagram of Mercury Abmrption Apparatus .... 119

76 Schematic Diagram of Chamber-Diffuser Installation .............. 121

77 Stations Used in Momentum Loss Calculation ................................ 122

78 Pretest Cycle Balance for Engine Build No. 1; r---5.75 ................. 134

79 Variation in Cycle Parameters with Mixture Ratio ........................ 136

80 Final Cycle Balance for Engine Bu,ld No. I; r--5.75 ............. 137

81 Cycle Balance for Final Configuration of Build No. 4; r---4.75 ..... 139

82 Cycle Balance for Final Configuration of Build No. 4; r--5.25 ...... 140

83 Cycle Balance for Final Configuration o[ Build No. 4; r=5.75 ...... 141

84 Maximum Chamber Pressure tor Pretest Configuration
of Build No. 4 ..................................................................................... 142

85 Starting Transient for Engine Test No. F-I .................................... 150

86 Starting Transient for Engine Test No. E-2 ................................... i-'_

87 Starting Transient for Engine Test No. E-$ .................................... 158

88 Starting Transient for Engine Test No. E-4 .................................. 162

89 Effect of Engine Modifications on Starting Turbine
Inlet Temperature ...................................................................... 165

90 Starting Transient for Engine Test No. E-5 ............................... 165

91 Starting Transient for Engine Test No. E4i ....................... 167

.02 Starting Transient for Engine Test No. E-7 ........................... 169

95 Starting Transient for Engine Test No. E-8 171

94 Starting Tramient for Engine Teat No. E-9 ........................ 175

xii

1969014791-010



TABLES

TABLE PAGE _

I RLI0 Engine Configuration ............................................... 6

II Major Components Used in Demonstration
Engine Assemblies ............................................................... 12

III Flox/Methane Engine Parameters ........................................ 26

IV Injector Configurations ............................................................ 33

V Uncooled Thrust Chamber Performance Tests --
Measured Data ........................................................................... 34

VI Uncooled Thrust Chamber Performance Tests -
Derived Data ....................................................................... 34

VII Pressure-Fed Cooled Thrust Chamber Performance --
Measured Data .............................................................................. 35

VIII Pressure-Fed Cooled Thrust Chamber Performance --

Derived Data ............................................................................... 35

IX Engine Demonstration Tests -- Measured Data ....................... 35

_ X Engine Demonstration Tests -- Derived Data ............................ 36

-_ XI Combustion-Side Experimental and Theoretical
Film Coefficients ...................................................................... 54

XII Cooled Thrust Chamber Modifications ..................................... 61

XIII Flox Pump Seal Wear .................................................................. 76

XlV Test Results for Modified Oxidizer

_, Inlet Shutoff Valves .................................................... 95

XV Oxidizer Shutoff Valve Response ....................................

XVI Experimental Error Analysis -- Engine Test No. g-7 IS0

XVII Flox/Methane Uncooled Preuure-Fed Thrust
Chamber Testa 144

_, XVIII Flox/Methane Cooled Pressure-Fed Thnat

_. Chamber Tests 145

-_ XIX Flox/Methane Engine Demonstration Tests 146

XX Oxidizer Pump and Seal Rig Tests 147

ziii

q9690q479q-0q q



SECTION I

SUMMARY

Tile the.,, met!,me pump-led engine study was conducted to demon-

strate tile teasibilitf ot using the space-storable tlox'methane propellant

tombination in pump-ted upper stage rocket engines. The objective was

accompli._hed I)y ,.ondu(ting demonstration firinos of a modified RIAOA-I
oxygen/hydrogen engine: the RLIOA-1 was the first production model

of the RIll0 cnoine add produced a nominal vacuum thrust oi: 15,000 lb t

at a chamber pressme ot 300 psia. RIA0 oxygen/hydrogen engines utilize

the expander cycle, i.e., the fuel vaporized in convectively cooling the thrust

chamber is expanded through a turbine to provide driving eneroT for the

pumps. Ahhough the properties of methane as a working fluid do not

approach those of hydrogen, its high specific heat and relatively low critical

pressure make it a good convective coolant and turbine working fluid,

and therefore it is well suited for use in this type of cycle.

One of the primary program constraints was that hardware modifi-
cations incorporated to permit operation of the engine with flox/methane

be held to a minimum. Early cycle analyses based on this premise dictated

that the operating chambe" pressure of the flox/methane RL10 should be
250 psia, and component modifications were established accordingly. In

the fuel system, modifications to the major components were required to
compensate for the six-fold increase in density encountered in converting

from hydrogen to methane. Oxidizer system modifications were limited

initially to those changes required to achieve fluorine compatibility;

however, engine testing experience showed a requirement for drastic

changes to oxidizer control valve characteristics to provide acceptable

system starting characteristics, and a significantly modified valve was in-
corporated.

Nine engine demonstration tests were conducted; during the first three
tests, thrust chamber damage was encountered because of a starting

transient problem. In the final build ot the engine, major problems were

overcome and six tests were conducted. Unfortunately, the partial failure

of a turbine modification during the first of the six firings prevented the
attainment of sustained operation at the 250-psia chamber pressure level.
At the time of the failure, repair of the engine was not within the remaining
scope of the program effort. Therefore, various co_ trol and orifice modifica-

tions were made to rebalance the cycle so that testing could be continued and
the maximum possible amount of information could be obtained. A total of

120 seconds of engine operation was attained on the build, with 65 seconds

of that time at chamber pressures above 200 psia. The good condition of
the hardware following those tests produced a high degree of confidence
that satisfactory operation at the 250-psia chamber pressure design point

could have been achieved with correction to the turbine or further changes

to the existing components to adjust the cycle balance.

1
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Selected components were modified and:or tested ill advance of the

assemhly of a complete engine system. During both compo;lent and engine

testing, the only t-ompoqents with which durability problems were con-

sistently encountered were the injector and thrust chamber. To approach

the desired level of injector performance (a 95_, characteristic exhaust

velocity efficiency at the optimum mixture ratio of 5.7_), it was necessary

to use mechanical swirlers to promote oxidizer atomization and mixing.

Because previous experience with swirlers in fluorine and flox had been

poor, development of a configuration with adequate durability was neces-

sary. Also, injectors modified to provide high performance were prone

to rapid thermal erosion of the oxidizer element tips. This problem was

completely eliminated by a more extensive modification of the RLI0 in-

jector than initially envisioned, substitution of a nickel oxidizer plate for

the normal stainless steel plate. The final configuration was tested only in

an engine system, and data were limited to low mixture ratios; however,

extrapolation of the results itadicates that the performance level at a mixture

ratio of 5.75 would satisfy the target goal of 95% efficiency.

Problems encountered with the RLI0 tubular wall thrust chamber

were attributed to the large coolant passages, _hich were orginally designed

for hydrogen. These large passages caused difficulties for two reasons: (1)

the coolant velocities were low and (2) the internal tube volume was

excessive. To increase coolant velocities in the critical heat transfer areas,

blocking inserts were used to decrease the tube flow areas. The large

internal volume of the tubes produced the severest operational problem

encountered during the engine testing. Because of the quantity of methane

that could accumulate in the tubes and the extreme density reduction that

occurred with the initial rise in chamber pressure (heat flux), a transient

interruption in the coolant flow occurred and subsequent chamber damage

resulted. This was the starting transient problem referred to in the above

summary of engine tests. The coolant flow interruption was ultimately

overcome by incorporating chamber modifications that reduced the internal

tube volume and by controls changes that reduced the rate of the chamber

pressure increase. All of the other engine components operated essentially

as predicted by the initial analyses, and no other problems of a continuing
nature were encountered.

In summary then, the basic objective of the program was achieved,

and in instances where major problems were encountered, they were due

to the use of modified components. The modified units were at best a

compromise from the optimum configuration. The data acquired during

the engine firings definitely proved that the development of a flight-type

pump-fed flox/methane engine is a practical goal and that all of the tech.

nology required is available, i.e.:

1. Oxidizer--Use of the existing fluorine design, materials, and

handling procedures for the engine allowed the completion of the

2
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program with "ain;_mal flox corrosion or burnout problems.

2. Fuel--No methane handling or material compatibility problems
were encountered.

3. Turbopump-No turbopump problems were encountered that

• could be attri,uted to the propellant combination. The fuel-cooled

bearings aad gears were in perfect condition, proving that methane

can be used as a gearbox coolant. This will simplify engine design

by eliminating the need for a separate lubricant.

4. E_'p._nder Cycle -- The expander cycle was shown to be well-suited

to the propellants. The availability of sufficient starting power

to l_ro,ide a self-bootstrapping capability was demonstrated re-

peatedly.

4
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SECTION II

INTRODUCTION

Technology investigations relative to the application of space-storable

propellant combinations have been in progress for a number of years. In

past efforts, attention has been directed primarily to the problems of

pressure-fed engine systems operating at chamber pressures of approximately

100 psia. Pratt g: _Vhitney Aircraft conducted experimental studies of the

flox/light hydrocarbon fuel class of space storables for such system_ under

Contracts NAS'_-4195, NAS3-6296, and NAS3-10294 (References 1, 2 and

3). The particular advantage of this class over systems using hydrazine

or diborane is that the fuels can be used for active thrust chamber cooling

to permit reliable long duration operation.

Recent studies of future space mission requirements have indicated

an advantage for pump-fed space-storable engine systems operating at

moderately high chamber pressures over pressure-fed systems. Some of

the advantage is realized in terms of envelope. Figure 1 shows delivered

specific impulse as a function of chamber pressure for a fixed thrust level

flox/methane engine with the exit diameter held constant. As shown in

figure 1, a gain of over 20 seconds in specific impulse is possible in the

same envelope if pump-fed systems are used instead of pressure-fed systems.

Figure 1 also includes a typical operating point for a pressure-fed earth-

storable system for comparison. Flox/methane engines operating at pump-

fed chamber pressure levels provide specific impulse performance levels

over 100 seconds higher than pressure-fed earth-storable systems having the
same envelope.

440 i
/--Flox (82.6_)/CH 4

/ Expander Cycle, 420 --"
r_ _ 94% i vac'Efficieney

41111

r_ i Plox 182.6%)/CH4
i_ _ 360 Pressure Fed

i, i 340 92% I vle Eificiency

f 51_N 1
....... |

CHAMBER PRE_IUIIg. psia

Figure 1. Ddi_ered Per[ormance - Co_utant Exit Diameter FD 24J24B

5
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Methane is an attractive fuel for space-storab'e pump-fed engines

because it is a good regenerative coolant and makes a good turbine working

fluid. In combination with flox (82.6% fluorine and 17.4% oxygen), it

has the highest theoretical impulse of the flox/light hydrocarbon pro-

pellants, and the liquid temperature range of the combination is high

enough to be practical for long lerm space storage.

The flox/methane pump-fed engine study described herein was under-

taken to demonstrate tile feasibility of a flight-type pump-fed engine system

using that propellant combination. To achieve the objective, an oxygen/

hydrogen RLIOA-1 engine was modified and tested with flox and methane.

Use of the RLIOA-I, the first production model of the RL10 engine,

facilitated accomplishment of the program because delivered engines that

had been replaced with later, higher performance models were made avail-

able for modification by the Government. Also, engines of the same model

had been modified and tested successfully with fluorine/hydrogen in a

propulsion system research program conducted under Contract NASw-754

(Reference 4). Oxidizer flow system components modified for fluorine

compatibility under that program were also made available by the Govern-

ment and were used essentially without change in the flox/methane engines.

Engine cycle studies conducted before the program was undertaken

showed that because of fuel pump and turbine efficiency losses encountered

when modifications were made to adjust for the extreme difference in

density between hydrogen and methane, the engine would be power-limited

to operation at a chamber pressure below its normal 300-psia design level.

The studies indicated that at a mixture ratio of 5.75 (the theoretically

optimum mixture ratio for flox and methane), an acceptable chamber pres-
sure for the expafider cycle engine with modified components would be 250 i

psia. Component and engine system modifications were therefore targeted

for operation at that level. Important operating parameters predicted for
the flox/methane engine: are compared in Table I with those for the basic

RLIOA-I engine and the fluorine/hydrogen modified engine tested under
Contract NASw-754.

TABLE I. RLI0 ENGINE CONFIGURATIONS

i i

Fluorine Methane
RLIOA.I Demonstrator Demomtratot

Fuel Hs Hs CH4

Oxidizer 0 s Fs 82.6_o Flox

Mixture Ratio 5.0 $ to 15 5.75

Chamber Pressure . psia $00 $00 250

Thrust - lb. :5,000 15,000 !$,000

1969014791-016
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The results obtained in the experimental program are presented in {
the following sections of this report. Because the primary objective of the
program was to demonstrate engine feasibility, engine system testing is !
described first (Section Ill), followed by discussion of the modification
and/or tests of major subassemblies that were accomplished on the com-
ponent level before an engine was assembled. The section numbers and

headings under which the components are grouped are Section IV -"Injec- i

• tots and Thrust Chamber," Section V--"Turbopump Modification and i
Test," and Section VI- "Valves and Controls." In those instances where

component performance data were obtained in both component and engin,.
testing, a discussion of all results is contained in the component section

to facilitate analysis and comparison.

. . --"_.,_' .

:A:_;;". -. . ." ._'_.'_,.._,_.

F,_+_'r-7_:. "- -..... , ........ , , . ....-.'- ....
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SECTION III

ENGINE FEASIBILITY DEMONSTRATION

A. GENERAL

As noted in the introduction, the approach taken to achieve the pro-

gram objective of demonstrating the feasibility of a pump-fed engine using
the space storable propellant combination of liquid flox (82.6% fluorine-

. 17.4% oxygen mixture) and liquid methane was to modify the flight

qualified RLI0 upper stage oxygen/hydrogen engine and to conduct dem-

onstration firings of the modified system using tho_e propellants.

An important requirement for the, program was that only minimum

modifications were to be made to components. Cycle studies completed
before the program was undertaken indicated that this would be possible,
and defined the nature of necessary changes. Methane is an excellent

working fluid for cooling and for turbine power in the expander cycle;
however, it is not as good as hydrogen in components sized for the lower
density fuel and subjected to minimum modifications. As a result, the

studies showed that with flox/methane the engine would be power limited
at a chamber pressure of 250 psia, which would produce a thrust level of
approximately 13,000 lbt.

Modification and/or test of important components was accomplished

in separate tasks preceding engine assembly and test. Before test engines

were assembled initially, and as testing progressed, cycle performance calcu-
latious were repeated using estimated characteristics based on information

from the experimental effort to establish final system trim requirements
and control settings. The results of these analyses are presented in
Appendix C.

In the first engine test, a serious transient coolant flow slowdown prob-
lem was discovered, but the engine bootstrapped, and indications that com-
ponents were operating essentially as expected were obtained. Therefore,
the system tesdng program was directed toward development of techniques
to overcome the transient cooling problem. The necessary hardware and

i procedural changes were developed and satisfactory engine starts were

demonstrated. Thus the feasibility of a flox/methane pump-fed engine
. was demomtrated. Extensive steady-state data at the predicted operating

chamber pressure were not obtained became o( program limitatiom, but
_- the results were adequate to provide confidence that, ff additional testing

were lamible within the scope of the program, target operating conditions
could have been achieved.

IL ENGINE DI_UFTION ._;_:_

I. BASIC, ENGINE _-_

The egyllen/hydg(qlm IUL.IOA-Ietq_ has a vacuum thrust rating ¢_. _

15,000pounds at M}O _ e.lmmb_ pcemn'e.It _ at a nomimd

9
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oxygen/hydrogen mixture ratio of 5, and has a nozzle expansion ratio of 40.
The engine uses an expander cycle in which a portion of the energy imparted

to the fuel as it regeneratively cools the thrust chamber is utilized to drive

the propellant pumps. The simplified propellant flow schematic presented

in figure 2 shows the essential features of the cycle and identifies major

engine components.

_Or_ ,._ Mlttt_
l_tto Valve

Otm_ tq.mp

Inlet 81mtaff Ildaitt_ IJtmtaff
Valv_

...... l'lmm Ctum_
02

val_

Figure 2. RLIO,4-1PropellantFlow Schematic FD 8520A

Fuel is supplied to the engine through an inlet shut-off valve mounted
on the two-stage centrifugal fuel pump. Valves at the pump interstage

and discharge provide for overboard discharge of fuel during cooldown and
fuel bleed to prevent pump stall during acceleration. From the pump, fuel
passes through the thrust chamber jacket where it is vaporized and heatedi

before reaching the injector it is expanded through a turbine which pro-
vides the turbopump driving power. Thrust is held comtant by a feedback
control that senses chamber pre_ure and regulates turbine bypass flow
(and therefore turbopump speedS'to maintain the pressure at the desired

level.

The oxidizer flow path is through a ball type inlet valve, single4tage
centrifugal pump, a flow control valve, and the injector, into the thrmt
chamber.

2. ENGINE MODIFICATION FOR FLOX/METHANE SERVICE ,.

; To adaptthe RLIOA-I _tygen/hydrogt m engine far opmti_..with _*:__-_:
flc_t and methane as the propellants,changesto fuel.s_utem_

to hydrogen,and oxiditercomponentsrequired_-:ID__ _..."2:_
chemical compatibility with floz. Tlmm chmabet _'_ _ I.-.-,,.. '

tO ......... " - t.

t :.,:,_"_'
• .,,._.-#. :

-- . .,-;_-_-,

• ,. " ' " '- :-" "-.- ' --'.,:i"=._.-.:._-"._-'2.*. ',-: :"-,.._"_:'..':"
o o : _ ,., . ..,.'.'" ... _...... .., ,. :.,._. ._ .,, :,:,,,..:.,,.._,_.-,,_<._-_:_:.,...



quired for cooling with the more dense methane, and injector modifications

were necessary for both performance and durability reasons.

RI,IOA-! oxidizer flow system components, inlet valve, pump. and

flow control valve, had been modified for compatibility with liquid fluorine

• in the hydrogen/fluorine propulsion system research program conducted
under Contract NASw-754 (Reference 4) : the modified parts were made

available to the flox/methane engine study as Government-furnished equip.

" ment. Fuel component modifications were unique and were accomplished
under the contract: assemblies that were changed were the pump, turbine,

thrust control, injector, and thrust chamber.

In addition to the changes to major components, the engine system was

modified by eliminating ignition system parts not required with the hyper-
golic propellant combination, and minor changes were made to permit
alteration of sequencing. Changes in sequencing were largely established
on the basis of experimental results as the program progressed and will be
discussed later.

C. TEST HARDWARE

One basic engine assembly, designated S/N FX-15$ in accordance with
the experimental engine numbering system used at the Florida Research

and Development Center, was used for the demonstration testing. Four
separate builds of the engine were completed in the course of the effort.

One modified fuel pump.turbine assembly and one set of major fuel valves
were used, and the same oxidizer inlet shutoff valve was incorporated '_'n

all builds. However, thrust chambers, injectors, oxidizer pumps, and oxi-
dizer flow control valves were changed between builds as shown in table

II. Descriptions of the parts are given in the appropriate component section.
Miscellaneous small components such as solenoid valves were obtained from
the Government.furnished engines that served as sources for the major
parts that were modified. These components were used following sta:cessful
completion of functional checks to verify integrity and operation.

An operating schematic for the flog/methane RLI0 engine is shown
in figure $; a pre-test photograph of the engine is presented .in figure 4.
The engine was operated as a completely integrated system. Contm! of
startingtransientand steady,statepropellant scheduling, mixture ratio, and
chamberpreaurewereaxompli_st entirelybyengine._aea COmlameat_ _-
Where adjmunenm were made during test, remote ek_no.mec, hank_ drives _-_. _
were used. Test firing events were asqnenced by a disital miuencer which _ _°_:_

•uumm pmsmmedectrk to the imu
mlenold vatvm. Sevemlamuol overrtdmwereaddedm pm_ varbrkm
of the mndard oxygenl_ mat and shuulownu_qnen_ vai_mm
mmd umre chauSm.

-T
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Figure 4. Pretest Photograph of Flox/Methane Engine FX-153, Build No. 3 FD 257t_9

D. TEST SUMMARY

Nine engine feasibility firings were made ior an accumulated total
time of 186 seconds. All of the tests were conducted under simulated alti-

tude conditions in the 15,000 lb thrust firing bay of the Liquid Propellant
Research Facility at the Florida Research and Development Center. A
detailed description of the facility, its propellant supply system, altitude

simulation system, and data acquisition system, is presented in Appendix A.

Individual tests are summarized in Appendix D. With only a few
exceptions, major components performed as intended. The major develop-
ment effort in the engine test program was directed to the solution of a
system problem which resulted from the change in fuel density. The

problem was one of a coolant flow reduction coincident with the rapid
increase in chamber pressure that occurred when full oxidizer flow was _,

initiated during the start transient. The typical result of the coolant slow-
down was extensive thrust chamber tube damage. The loss of coolant
also contributed to injector failures and made it difficult to assess com-

ponent durability separately. Damage occurred in the initial firing attempt
of each of the first three engine builds (tests No. E-I through E-3), causing
removal of the engine from the test stand for repair in each instance.
Detailed review and interpretation of data made it possible to establish a

combination of hardware and start sequence changes for the fourth build
that proved reasonably successful and 6 tests (E-4 through E-9) were con-

14
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dinted on that ,l_embl_. The tourth build w;is ti_c final one that c¢_uld be

completed wlthill the s(opc of lhc contr2_t, so refinements could not be
it_ve_tioated arid. be(ausc there was some dctcri,_ration ot hardware, data

(ould not be obtained oxer ,t complete range of steady-state operating
conditions.

The causes _)t and solutions tor the coolant tlow reduction problem

are described in the follox, ing discussion of engine operar.ion. Because a

knowledge of the sequence of events during engine start and operation is

necessary to permit cxplan;ition, a description is provided as introduction.

Component problems encountered are presented here as they affected

system testing; more complete discussions of the problems on the compenent
level and all discussion of component performance are presented in the

appropriate (omponent sections of the report, Section IV, V, or VI.

E. ENGINE OPERATION

1. OPERATING SEQUENCE

a. Engine Conditioning

Immediately prior to the engine start, a sequenced 3.5 second fuel

preflow was used to temperature condition the fuel pump. The cooldown
fuel was discharged through the normally open pump interstage and dis-

charge cooldown valves.# The flox pump was pre-cooled with liquid

nitrogen which was supplied at the pump inlet, flowed through the engine

oxidizer system, and was discharged through the injector. Because the

co(_ldown nitrogen was discharged into the chamber, a heated mtrogen

pmge was used to maintain the cooling jacket temperature at an acceptable

level during the cooldown period. The purge through the jacket was in a

directien opposite to the normal fuel flow. Temperatures approximately
200°R above ambient were maintained at the coolant outlet manifold and

approximately ambient temperature was maintained at the coolant inlet

manifold (purge outlet).

b. Engine Start

After engine conditioning, a sequenced electrical start signal opened
solenoid valves to supply helium pressure to simultaneously (1) open the

main fuel shutoff valve, (2) open the flox inlet valve, and (3) step the

pump cootdown valves to an intermediate position.

When the main fuel shutoff valve opens, fuel enters the cooling jacket

and is vaporized by the residual heat in the chamber. This supplies the

power required to begin acceleration of the turbopump. During this period,

a low ftowrate of flox passes thro,lgh the prechilled pump, through a bypass

• Flow through the jacket is prevented by the normallyclosed main _uelshutoff 17alue
during the prestart period.

15
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sy._tem in tile oxidizer control valve, and into the combustion chamt)er. As

the engine accelerates and a preset oxidizer pump differential pressure is

attained, the oxidizer control valve opens to the flow area required for
steady-state operation.

The intermediate position assumed by the fuel pump cooldown valves

allows a relatively high fuel flowrate to be maintained during the pump

acceleration period. This is required to prevent pump stall when the
engine is operated with hydrogen. Normally, the fuel valves are closed by

fuel pump discharge pressure when a given level is attained.

Prior to the first methane test, it was anticipated that the stall problem
would not be severe with methane, and therefore a somewhat different

sequencing of the cooldown valves might be used. During the initial cold

flow tests, it was verified that fuel pump stall would not be encountered

during the acceleration transient if the valves were fully closed, so the

adjustment was made. To avoid the necessity of physical changes to the

valves, an override helium pressure was provided to permit full closing of

either one or both cooldown valves independent of _he level of pump

discharge pressure.

c. Steady-state Mixture Ratio and Thrust Control Adjustment

Engine thrust is regulated by the thrust control, and steady-state

mixture ratio is controlled by adjusting the flow area of the oxidizer flow

control valve. The adjustments for both valves are usually set and locked

during gaound acceptance test of delivery engines; however, to facilitate

changes of engine operating point during test, remotely controlled electrical

drives were provided on both components.

d. Engine Shutdown

Engine shutdown was programed with a lagging fuel flow so that jacket

cooling would be maintained while the flox system was purged. At the

sequenced shutdown signal the flox inlet valve closed and a gaseous helium

purge was activated at the flox pump inlet. A separate gaseous helium purge
was used for the injector oxidizer cavity; it was controlled by a check valve
which cle_sed as chamber pressure increased after start and opened auto-
matically as chamber pressure decreased during shutdown.

The main fuel shutoff valve and fuel inlet valve were closed 1 second

later than the oxidizer valve. When the flox flow was stopped during engine
shutdown, the pump power requirement decreased approximately 25%.

To prevent a sudden acceleration of the p,:rtp, a thrust control override
was added. This consisted of a three-way solenoid operated valve in the
thrust control servo supply line which could be used to vent tb_. line and
open the thrust control to maximize the turbine bypass flow. This vent
system was energized at shutdown to prevent overspeed when flox flow was
stopped.
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2. EXPERIMENTAL TESTING

a. Build No. 1

The problem of coolant flow reduction during the starting transient
was revealed in the first test, which was conducted primarily for facility
checkout after the minor modifications necessary to accommodate the flox/

methane enoine had been made. Details of the operating cycle for this
initial build are given in Appendix C. As explained in Appendix C and

- in Section V, cold flow tests conducted before the first firing revealed that

the fuel pump head coefficient was greater than predicted, and it was
necessary to add a fuel pump discharge orifice. The components incorpo-

rated in the engine were identified in table II; because the test was for

facility checkout, a nonoptimum injector was used.

Important occurrences during the test can best be illustrated by refer-

ence to figure 5. Turbopump rotation started 1.3 sec after the main fuel

shutoff valve was opened; this was approximately 1 sec longer than is
typical for hydrogen fueled RL10 engines. As the engine accelerated, the

oxidizer flowrate was restricted to a low value by the mixture ratio control

valve; when the oxidizer pump pressure rise reached 140 psi, the valve
opened and allowed full oxidizer flow. This point is shown by the rapid rise

in chamber pressure at 2.7 sec. The 1.4 sec interval between the start of
rotation and the opening of this valve was approximately 10 times that

encountered in an oxygen/hydrogen RLI0 transient. However, the engine

did reach design speed, which proved that sufficient power was available

in the cycle.

Although a reset system in the thrust control reacted to limit the

acceleration, the chamber pressure overshot to a peak value of 330 psia
(at approximately 3.3 sec). This overshoot is greater than normal and
apparently was caused by slower reaction of the engine system with flox/

methane than with oxygen/hydrogen. Also, a tendency toward thrust
control bypass piston sticking was indicated. Following the overshoot, a
slight overcorrection reduced the chamber pressure to 220 psia (at 4.5 sec),

followed by a slight overacceleration to 280 psia (at 4.9 sec).

The system appeared to be controlling at 260 psia chamber pressure

at 5.7 sec, when the oxidizer pump discharge pressure suddenly decreased i

without a change in turbopump speed. When this occurred, the thrust 1
control sensed the lower chamber pressure and accelerated the turbopump _

in an attempt to increase the flow. The oxidizer pump did not recover for
approximately 3 sec. During this time, the turbopump started to decelerate;

the system finally stabilized at 175 psia chamber pressure and a mixture
ratio of 3.0 for the remainder of the test.

17
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Tile stabilization of the engine at low chamber pressure in the latter

portion of tile test was indicative of a lack of power caused by fuel leakage.
upstream of the turbine (i.e., in the cooling jacket). Review of data showed

that coolant tube leakage started at some time during the first 8 seconds

of the firing. The exact time of failure cannot be unequivocally established:

however, the sharp decrease in turbopump speed she.wn at 6.2 seconds in

figure 5 could be an indication that it occurred at that point. The data

indicated that the failure was located upstream of the nozzle throat. Unfor-
tunately, the oxidizer inlet shutoff valve failed to close for 50 seconds after

fuel shutoff, and, as a result, approximately 10 gallons of flox were dumped
into the hot chamber. This caused extensive chamber and injector damage*,

which made it difficult to assess physically where tube failures had occurred

during the test, but al'. areas that were predicted to be minimu'.n margin

points were relatively intact after shutdown.

It was conjectured that the tube failures during the test were related

to the sudden expansion of the methane within the jacket during the first

chamber pressure spike. This expansion would have caused a temporary
coolant flow slowdown, thereby reducing cooling. However, the jacket

would have had to be relatively intact for the turbopump to reaccelerate
as it did at 4.3 and 5.7 sec. It was thus reasoned that the tubes were weakened

or eroded during the flow slowdown, and that they failed during the last

period of high speed turbopump operation.

Following test No. E-l, the corrective action required for all problems
except the coolant slowdown and the delay in pump rotation was obvious.

The oxidizer inlet shutoff valve was subjected to bench tests to investigate
the cause of its failure to close. The valve demonstrated a tendency to

stick, but the resistance did not appear to be enough to prevent valve closing.
A separate helium actuation pressure for closing was added at the valve

actuator, and the problem did not recur. As described in Section V, the

oxidizer pump pressure decrease was traced to ingestion of gas from instru-

mentation and purge lines. Relocation of lines and purge valves corrected

this problem, and it was not encountered again.

Although the cause of slow turbopump rotation was not immediately
identified, it was ultimately traced to an interference between the oxidizer

pump gearbox housing and the driven gear on the oxidizer pump shaft.
The problem was overcome when a different pump was incorporated for
build 3. The most difficult problem, therefore, was alleviation of the coolant

flow reduction, and the bulk of the remaining effort on the program was
directed to this end.

It is difficult to summarize concisely the changes made to overcome

the starting problem in sufficient detail to explain the limitatiom under
which they were made and the logic behind them. Therefore, for the put.

There was no nozt_e damage e:gcept at tht bottom of the tngble, whevt tl w_t obtains.

that there had been a stream ol liquid oxidizer, i . I° "?_'_
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poses of the discussion here, only the nature of the changes and the net

resuh obtained will be described. A chronological sequence that more
specifically explains changes, reasons therefor, and results achieved, is
presented in Appendix D.

b. Build No. 2

The first approach takep to overcome coolant slowdown was to alter

start sequencing using existing valves. The servo supply flow to the thrust

control was increased to improve its response, and the oxidizer flow control

valve was adjusted to increase starting flowrate and to delay the start of full
oxidizer flow. These changes were not effective, and a coolant flow slow-

down with resulting thrust chamber and injector damage was encountered

in the test conducted on the second engine build, test No. E-2.

c. Build No. 3

The starting oxidizer flowrate was restored to its original level for test

No. E-3 on build No. 3, and a system to maintain the thrust control open
throughout the transient, with provision for manual reactivation to feed-
back control during the test, was added. This latter alteration was made
to eliminate the contribution of the automatic thrust control action to the

coolant flow slowdown. However, the slowdown and related thrust chamber

damage were still encountered.

During test No. E-3, the injector, which was of an improved design

incorporating a nickel oxidizer spudplate for greater durability, was un-

damaged. Additionally, there was no delay in the start of turbopump rota-

tion. This resulted, as noted above, from the replacement of oxidizer pump
S/N C71Y002 with S/N C71Y001. The replacement was made because of

increased secondary seal leakage in the oxidizer pump S/N C71Y002 after

removal from storage following tests No. E-I and E-2. When the pump was
completely disassembled to investigate the seal problem, signs of interference

between the pump housing and gear of pump S/N C71Y002, were found.
The interference, which apparently was responsible for the delay, occurred
only with rearward shaft loading as explained in Section V, and was not
detectable in normal pump torque checks.

d. Build No. 4

In build No. 4 of the engine, two significant component changes were
made. These were in the thrust chamber and the oxidizer flow control

valve. Modificatiom to the thrust chamber to improve cooling were some-

what different but accomplished with the same intent as in previous units,
i.e., to improve cooling in the combustion chamber and tube tramition

region (Refer to Section IV). The major difference was that during modifi-
cation and repair (the thrust chamber was the unit damaged during test
No. E-2), filler rods were added in the coolant tubes at the end of the

20
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nozzle to reduce volume. The oxidizer flow control valve was changed to

a different design that had provisions for a more gradual, scheduled opening.
The valve is described in Section VI.

(1) Test No. E-4

• The higher response thrust control was retained for build No. 4, and

with one exception, the starting sequence for test No. E-4 was identical to

• that of test No. E-3, i.e., open thrust control to be manually activated when

the engine stabilized after the start transient. The change consisted of
delaying the opening of the oxidizer inlet valve by 0.200 sec to obtain the
fuel lead required to establish coolant flow into the jacket before the start
of oxidizer flow through the scheduled control valve.

Engine behavior during the start transient of test No. E-4 is illustrated
by the plot of important operating parameters presented in figure 6. The

scheduled oxidizer control valve produced a relatively gradual rise in

chamber pressure during the initial phase of the start, but the turbopump
acceleration rate was greater than predicted, and the chamber pressure
increase became exponential rather than linear later in the transient. Some
of the increased acceleration rate was attributed to the higher turbine inlet

temperature (as compared with test No. E-3) maintained throughout the
start transient. Turbine temperature histories for the two starts are compared
in figure 7. The high temperature in test No. E-4 was the result of the

increased residual heat provided by the greater mass of the cooling jacket
(due to the filler inserts) and also by the higher oxidizer flow provided by

the scheduled oxidizer control valve throughout the starting period. A fuel
slowdown was noted at the point of maximum chamber pressure increase,
but its magnitude was minor compared to that encountered in Test No. E.3.
This verified that a small jacket volume and an extended chamber pressure

ramp were desirable to prevent chamber damage during the starting period.

The engine stabilized at the design chamber pressure of 250 psia for

i 1.5 seconds at a mixture ratio of 3.6, after which the turbopump slowly
decelerated. The reduced speed resulted in an oxidizer pump discharge
pressure too low to keep the spring-loaded oxidizer control valve in its full
open position. (It was predicted that the oxidizer control valve would not
seat if the engine operated at a mixture ratio below 4.5, but cycle studies

showed that, if all components operated as predicted, this would be
achieved.) As the valve closed from the full open position it created a
higher flow restriction, and therefore a reduction in mixture ratio, which

hmher reduced speed. When the thrust control was activated at 5.5 seconds
there was a tempm_..ry increase in rpmb but it was not sufficient to seat
the ozidizer control valve and the s_mn continued to decelaate. The test
was manually terminated at 18.8 seconds; no hardware damage wm found

during the pint-test impectio_
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(2) Test No. E-5

Following the successful demonstration of start, adjustments were made ]
to the thrust control sequencing,'and the oxidizer flow control valve refer- +

ence pressure was changed to a lower level source in an effort to assure that J-
the valve would seat during the next test. A second firing, E-5, was made

with the configuration, but the desired chamber pressure was not achieved.
The data obtained in this test made it apparent that the turbine stator area

+ was greater than desired.

! When the turbine stator area variance was discovered through analysis

of data, the remaining scope of effort permitted under the program was

iraufficient to allow removal of the engine from the test stand for impection,
reoperation, and rebuild. Therefore, It was neceuary to proceed on the

) assumption that the turbine area had changed without establishing the mode
of failure s . To balance the cycle and increase mixture ratio with the

greater turbine am, it was decided to increme the flow refiuance in the

fuel t_tem. The meet readily available meam for aocomplishing this was m
decrease the me ot the fuel pump _ orifice. Olde calculatiam results
for the Jymmmwith the reduced diameter orifior are pres_ted in Appendix



C. In addition to providing a higher steady.state mixture ratio balance, a

high flow restriction at this point has a stabilizing influence which tends to
reduce coolant slowdowns.

(3) Test No. E-6

Four tests, E-6 through E-9, were completed with the smaller orifice
installed. In test No. E-6 the sequencing used in test No. E-5 was retained,

but when used with the increased fuel system resistance it produced a fuel

pressure overshoot that caused rupture of the first stage fuel pump housing.
It had been recognized that, because of the reduction in impeller diameter

and resultant increase in area subjected to pump discharge pressure, the
maximum pressure capability of the housing would be reduced. A limit of

850 psia had been estimated from the calculated housing stress and the 0.2%
yield strength of housing material at 200°R. At the time of rupture the

first-stage discharge pressure was 900 psia. Further discussion of the failure
is given in Section V. Replacement of the first stage housing was readily
accomplished on the test stand, and testing was continued.

(4) Test No. E-7 through E-9

A satisfactory start was obtained in test No. E-7, but steady-state chamber
pressure was approximately 200 psia. Mild erosion of welds at tube fin
inserts had been noted after test No. E-6, became of the loss of coolant flow

when the fuel pump housing ruptured. Minor leakage through the eroded

areas apparently increased during test No. E-7 (see Section IV) and caused
a reduction of power. To compensate for this, a bypass was added around
the oxidizer flow control valve to increase mixture ratio. In test No. E-8, a

coupling set up between the flow control valve and thrust control caused
1 Hz cycling of the system, so the thrust control was made inoperative by
venting the chamber pressure sense system, and test No. E-9 was made. The

start was good and stable operation was achieved for approximately $ seconds,

as shown in figure 8, after which flox depletion camed oxidizer pump head
rise to decrea_, with a corresponding reduction in chamber pressure. The
test was terminated at 11.6 seconds to complete the program.

F. STEADY.STATE OFP.RATION

TableIllmmmarisesengineopemtin8 immme and temperaturelevek
atimportantstationsinthesystemfortlmseponiom oftestsinwhichttead_-

stateepemtimwasachiev_Thrustchamberandin)ecu_
and efficiency data were obtained during both engine and ¢mntxxtmt tats;
thert4o_, to fxilital_ caMpsrimn, data from both t_aes c_ tests are amlymd
in Section IV -- lnjecton _ Thrust ahBmben. _ dam for

uutmpmnpcomponmmm'epmmu.edin SecdouV.
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G. HARDWARE CONDITION

The total firing dm..tion accumulated in the six tests Gf build No. 4

was 120.2 setonds. _,Vith the exceptions of the change in the turbine flow

area and the relatively minor damage sustained by the thrust chamber in

this build, all other engine components were in excellent condition at the

conclus;on of the test program. Figure 9 presents a post-test photograph of

FX-153 build No. 4 after the completion of testing. The carbon deposits

on the nozzle exterior are caused by normal diffuser blowback during the
start and shutdown transients.

Figure 9. Flox/Methane Engine FX-153 After Test E-9 FE 80376

The occurrence of thrust chamber damage has previously been de-

scribed. Most of the damage consisted of minor tube erosion just upstream

of the throat. A few areas closer to the injector also showed some erosion of

welds used for imtallation of fins to improve cooling, but the leaks in these

areas could only be detected by pressure checks using a bubble solution.

Three tests of approximately 77 seconds total duration were made after the
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first indication of tube leaks. Therefore, at least a portion oF the observed

damage at the completion of the program was due to partial reduction of

coolant flow because of leakage from previously failed tubes.

H. CONCLUDING REMARKS

The good condition of the engine hardware following the last series

of six tests verified that a flight-type pump-fed rocket engine can be operated

with flox/methane propellants. Although several problems were encoun-

tered, these were caused primarily by the use of'modified components

which were, at best, serious compromises from optimized designs.

The most serious problem encountered during the engine demonstra-

tion was chamber damage resulting from a coolant surge during starting.

The severity of the surge problem was due to the large coolant volume

contained in the chambers which were originally designed for hydrogen.

In spite of this, the control sequence developed for the last test series

reduced the surge to an acceptable level. Chambe_ designed specifically

for methane should greatly reduce, and possibly eliminate, the expansion

surge, allowing significantly more control flexibility and faster engine
acceleration.

Based on the results obtained, it is believed that a full scale engine

development program can be undertaken using available technology because:

1. By using the technology available at the start of this program, no

handling or compatibility problems were experienced with either
flox or methane.

2. The turbopump modification was extremely straightforward and

no unpredictable turbopump failures were experienced. The prac-

ticability of using gear-driven centrifugal turbopumps employing

methane for bearing and gearbox lubrication was unequivocally
established.

3. The satisfactory operation of the expander cycle demomtrated its

applicability for use with methane as the turbine drive fluid. Devel-

opment of an engine based on this cycle would eliminate one

major unknown which was not investigated, that of carbon depmi-

don in the turbines of cycles employing fuel rich combustion

products for the drive fluid.
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SECTION IV

INJECTORSAND THRUSTCHAMBERS

A. GENERAL

Modification and testing of the injector and thrust chamber were

initiated in advance of engine system testing. The objectives were to achieve

a combustion performance target of 95% characteristic exhaust velocity

efficiency (referenced to theoretical shifting equilibrium) at the theoretical

optimum mixture ratio of 5.75, and to establish a thrust chamber configura-

tion that would have adequate durability when regeneratively cooled with

methane. As in the case of all components, the effort was guided by the

restrict :,,, that changes to basic RLI0 hardware be held to a minimum.

In initial tests uncooled workhorse copper thrust chambers, rather than

RIA0 tubular thrust chambers, were used with the injectors. The heat sink

':hambers were employed to obtain experimental heat flux data that could

be used to guide modification of ,he cooled chambers. Pressure-fed tests of

modified RL10 thrust chamber', were made with overcooling as injector

development continued, and the final configurations of both the injector

and the thrust chamber were evaluated in engine tests.

The engine tests in which the final injector and thrust chamber

designs were used were limited to low mixture ratios because it

was not possible, within the scope of the program, to correct a turbine area

change that occurred. However, a c* efficiency of 96.7% was obtained at a

mixture ratio of 4.68, and extrapolation of performance data to higher

mixture ratios indicates that the injector had the capability for providing

95% characteristic exhaust velocity efficiency at r--5.75.

It was determined that modifications to the thrust chamber wire ,

required not only to improve cooling in critical areas, but also to reduce ,_,

the jacket volume for the benefit of the engine system. The final thrust

chamber accumulated six firings and 120 seconds of engine operation.

Some tube leaks developed in areas where modifications were made but the
assembly had been subjected to unusual transients as system operating

techniques were developed. It is therefore believed that its durability would

be adequate under less stringent operating conditions, and that, with only

minor further improvement, it would have withstood the conditions that

were imposed.

B. INJECTORS

1. DESCRIPTION

a. Basic Injector

All injectors used in the test program were modified RLI0 parts, the

external features of which are shown in figure 10. The injector has 216
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injection elements, each of which consists of an oxidizer tube (or spud),

and a concentric fuel anntflus. The elements are arranged in concentric

rows and inject in a direction perpendicular to the 15-de_ee conical face.

The porous faceplate is fabricated from Rigimesh* and is transpiration

cooled by the fuel. A cross section sketch showing construction features of

the injector and its internal manifolding scheme is presented in figure 11.

Fuel Inlet --_

Oxidizer S

Backplate _ _ . /---Fuel Inlet

Support Post_ _ __

-

Pressure Tap)

_-- Fuel Manifold

Figure 10. RLlO'Injector External Features FD 12777,4

• Rigimesh is a registered trade name/or a sintered wire mesh material made by Aircra[t
Porous Media Incorporated, Glen Cove, N.Y.
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/-- lgmterSleeve (Dummy lgmter Used for

Rtgimesh _f _ ....v_?T vup_,r]-- /

Faceplate --_

HNB IT HNH H l-RH_tg/_,. Fox- ype i_ Oxygen-Tyl_ m [_]
Oxldlzer Flow _ _-_ _'_-Fuet Oxldlzer _ Oxzdlzer

Ozidumr Spudpl_, _ Fl°" Svnrler =-__ Svnrler "__
UNSWIRLED ELEMENT lrtox Modified Element Bill-of-Material Element

(A-1 Injectors) SWIRLFD ELEMENTS

(A-3 In_ctors)

Figure 11. RI I0 ln]ector C_os._ ._ection Showing Mani[olding an,l FD 2571L4

Element Con]iguration

The same basic injector design has been used in all production RLI0

engine models, the RLIOA-I, RIAOA-3, RL10A3-1, and RL10A-3-3; changes

made to the injector between models have been limited to details of the

injection elements. In the initial model, the RLIOA-I, oxidizer spud passages

were straight bores, and all rows of elements were the same size. In advancing
to the A-3 models swirlers were added to the intermediate concentric rows

of elements (i.e., all but the innermost and outermost rows) to improve
atomization and mixing. Use of swirlers in the outer row was avoided so

that spray impingement on the thrust chamber walls would not be encoun-

tered, and the straight passages were retained in the inner row in view of
its small diameter. The swirlers provided a 2.5% improvement in perform-

ance in the first of the A-3 models. Further improvements were achieved

in later versions by tailoring injection dimensions to improve radial distri-
bution of mass flow and mixture ratio.

b. Modifications for Flox/Methane Service _,

Prior to the start of the pump-fed engine study, RLI0 injectors had
been tested with fluorine and hydrogen in the Contract NASw-754 hydro-
gen/fluorine propulsion system research program and with flox and liquefied
petroleum gases (at 100 psia chamber pressure) in the Contract NAS3-4195

investigation of flox and light hydrocarbon fuels as rocket propellants. Both
Bill-of-Material and modified injectors were tested with fluorine and hydro-
gen, and modified parts were tested with flox and light hydrocarbons. In
both programs, reasonable durability was demonstrated by A-I model injec-
tors, but problems attributed to nonsuitability of the oxygen swirler design
for fluorine service were enc. untered with A-3 type units. The oxygen and
fluorine type swirlers are compared in figure 11.

Sl

I

1969014791-040



Tile tact tha! Bill-,,t-.Matcrial RI.10A-I injectors were successfuliy tested

with tluorine ill the C¢,nt_;wt NASw-754 prooram proved the _ompatil_ility

of the I)asi_ RI.10 iniector design with fluorine. 'Fhercfore, it is not manda-

tory to make any changes for tluorine or flox service: howe_ er, when i,,ic_,ors
were modified in that program, improved welding techniques lor lull pene-

tratioq were used in making of backplate ;ittachino welds as a matter of

good tluorine construction practice.

Fucl side modifications in both of the early proorams were essentially

limited to installation of new faceplates to reduce tile fuel orifice di-
mensions.

The experience in the use of RIA0 iniectors in tile earlier programs

provided a starting point for the injectors tested in the flox/methane engine

study: in fact, testing was started with parts previously moditied and tested

with fluorine and hydrogen. However • ,,perimental evaluation demon-

.strated the need for additional changes. 3ecause 'hese were made in an

evolutionary fashion during injector development, they art best described in

the context of injector testing and therefore are discu,., :, the following

paragraphs.

2. INJECTOR DEI'ELOPMENT

In the course of iniector development directed toward the achievement

of 95% characteristic exhaust velocity efficiency, seven modified injectors

were tested. Because of the earlier experience that showed A-3 type injectors

subject to durability problems, the effort was started using A-I type parts.

Initial results showed that these could not be modified sufficiently to

provide the desired performance level, and therefore it was necessary to

develop a swirler type unit to achieve both durability and performance.

Two of the injectors evaluated were RL10A-1 units, and the remainder

were RL10A-3 types.

The injector configurations tested are summarized in table IV. Initial

tests were conducted using uncooled pressure-fed thrust chambers, and

testing progressed to pressure-fed cooled thrust chambers and engine systems.

Measured and derived performance data obtained in the testing are pre-

sented in tables V through X. The tables provide a reference for the follow-

ing discussion of injectors by type. i
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TABLE V. UNCOOLED THRUST CHAMBEK I_ERFORMANCE TESTS-
MEASURED DATA

Toot z_j,cto_ el. am., ou,t,,, !1,1 __ _ met mt,,t
gO. 8/11 Go_mtrat too, l_rill _lri t [lou| [ _tlIDt TooltrSt'm't, Pitolullt i t _Ut_f JTOllstJrgt, _lllqtll IL, IITIIIBMQt

I pea lbi/oo¢ lbsleoo "It _ol_ T _ltaCuze' pOJO _b| po|e

IoUSL IlK 713 ?0.0 _51.6 20.65 $.97 131.3 |70.2 5L5.? $39.0 9J03, 14.6

|-gill BK 715 Toot Tot'ad_tod Ihrmtt_oly

3*UIL me 707 Toot TmlLooted l_rnmtutei7

4-USL us 707 77.0 263.6 I6.N 6.37 LU.O 166,5' $25.| _1.4 $_16. 14.6

S-elL El 707 77.0 236,7 27.91 5.36 16|.7 H0.0 514.4 186.1 0640. 16.6

6-NL H 707 77.0 |15.8 N._7 4.65 1$$.i 1_?.7 51|.3 27_.0 7197 14.t

7-WOL ng 707 Toot _Ollmlaatod PNmstuZOIy

0-U8_ nL 707 8|,6 27|.6 5.5| 7.66 155.0 297.1- 5.*1.4 $st.t 1_7. 16.8

9-NL NK 707 01,4 I_l,6 29.63 6.00 t$$,6 183.0 $10.9 $37.1 9312. 16.8

10-011 It 707 85.6 118.| 29.00 t.88 t$3.0 let0.? 5||.I M9,1 r76h 16.8

IL41W. IK 707 il.6 250.6 18.37 $.M tSl.l lB.7 $11.$ 335,3 9]_?, lt.i

II.4NL w 707 01,6 291,7 $1.01 $,96 153.7 200.6 $18.6 329.7 9619. tA8

l$-eSL IZ 707 8|.6 IST,J 35.86 5,35 169.3 187.2 518,4 318.| 9316. lt.O

t6-elL _ 7it 62.9 261.1 18.18 6.16 163,7 llU.5 5M.$ IN.9 9518. 16.7

I$-_L 29 7it 8|.9 25|,6 29.0] 5.16 15|.8 $?0.1 519.5 |77.3 9130. tt,?

16-4fL I1 7it 9|,9 2.59.1 st.70 5.78 t$t.$ M$.9 $11.6 Ng.| !_51. i&,7

L7-LW_ _ 7(6 82.9 J18.6 $9.t$ $.03 1_.6 |75.0 518.6 |76.1 9047. 16.7

tO-elL x]r 701 8J.9 254.9 M.g5 5.14 151.0 183.0 516,J aM.| 918_. 14.7

19*11 I_r tt 18.$ 259.6 27.$7 6.9_ 161.6 Nt,4 $1.5.7 _7.0 N39. tt,9

_04101 iv tt 05.1 _.$ 18.78 6.1_ 166,3 lST.t Ml,| _l.0 61M. 1_.6

TABLE VI. UNCOOLED THRUST CHAMBER PERFORMANCE TESTS-
DERIVED DATA

_......._......,.-_oo.,..L,.oooo..._....voo----."'l_°'"'.-,...,.. _;. %. _oo. ,..(,.)._..,. .%.oo..%oo.
p0_l |hi fllloc lc/_ t6l*s_lllo m _" 5L _, 54

I-elL 6.79 a3.6 tO,S*t 6.70 6336 63t7 1.$$6 305.6 89.at 90.16 N.63 08.01

6-11SL 6,_$ 3M.1 10,1_6 5.71 6375 6393 L,560 3_.2 tl0,M 91.16 97.91 M,N

s-re. $._ _._ t t,Tsl 3._6 6NO 6171 1.$_ _.$ u.63 I0.0_ 97.11 05.t6
6*NL 6.M 318.6 1,336 3.03 $166 $ta 1.$36 _16.3 86.69 05.9'/ 17.M 63.91

3.73 _J_.3 11,_9 6.07 6557 6530 1.5M 613,0 95.74, !_J,36 lff.ll fI,M

9-glL 6.5_ _q43.6 10,66_ 6.10 6309 6373 1.$_9 _9.6 N.S6 09.0_ _r.M N.90

10-4U_ 6._1 _60,1 11.093 $.69 M 16M i,$_ M9.8 93.t)? 93.37 97,N 91.16

11-NL 5.11 _J43.3 10,699 3.73 _ 61Jl 1,333 if6,0 |7,75 |7,39 97,13 M.3_

13-1_, 3.1i_ 2.$3.3 10,771 3,09 _ iON 1,S_/ s47.7 18,$7 16,_1 N.7) 91._

I_NL 6.tt _69.3 10,166 3.73 MS6 _ 1.337 |Et,9 I_,t41 93,|7 97.38 81.M

16-4_8L 6,33 U3.3 10,869 3,19 6,$$7 6_53 I,S63 3_,| 9_.61 W_,3_ 5F/.N 11_.L1

lSdlm_ $.6J 3k_,9 10,6_) |,17 _ ItlO 1,$]_ 317,l M.l_l 10,M 97.M 00,43

ll-4JlL 6,Y/ 131,6 1I,_L 3,$7 6_53 9_r,33 i,3_3 $1],9 _1,16 !15,10 91.M N,N

174141. 3.70 _3,0 10,M J,M _ _ I,l_ J_tJ M,_ N,W _,1_ 1_,8/

i 18411 5.1$ IS0.9 10,TJ0 JAI 6516 _ i.$M 310,7 _,60 N.N I_r,_l ll0.m

i 19-1NIL $,M _Sl,0 Io,9_r i,31 6_J6 M_9 1.1 319.5 st.8_ N,M _,_ It,M
3,tS U!,O 9,469 3.11 _ I_t 1.1d_1 1M.| _.N I_IJ0 _J_ 14,gt
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TABLE X. ENGINE DEMONSTRATION TESTS-DERIVED DATA

CF Ivac, _c _ _I
lest Engine Chambe;" Throat Vacuum C_Pc), vac lbf-sec_lb m _CF va,No. Mixture Mixt ur _ Total Thrust, ( Pc), vac. '

Ratio (l) Ratio Prel|ure, Ibf ft/sec % % '.
psia

E-4 3.58 3.67 238.6 12,142 6649 1.82 376.4 q7.85 96.31 94.24

2.91 2.99 15'.6 7,934 6508 1.83 370.5 97.96 97.79 95.80

E-5 3.00 3.06 244.9 12,379 650l 1.81 365.7 97.36 96.71 94.16

3.2/, 3.32 230.5 11,736 66/+7 1.82 376.1 98.64 96.93 95.61

E-7 4.33 4.46 230.3 11,713 6677 1,82 377.4 96.33 95.60 92.10

4.33 4.46 231.8 11,764 6670 1.82 376.3 96.22 95.44 91.84

4.68 4.86 202.6 10,160 (2) 6757 1.79 376.3 96.74 92.61 89.60
a

(1) Include, gearbox coolant a_,d cuoldown valve leakage.

(7.) Thrua _. Data Questionable.

a. RLIOA-1 Type Injectors

Two RLIOA-I type injectors, S/N HK 713 and S/N HK 707, were

tested. These were the first tests of the program and were conducted in

pressure.fed uncooled thrust chambers so that experimental heat flux as
well as injector performance data could be obtained. The tests were limited
to a 2.5 to 4.0 second duration because the chambers were uncooled, and

one mixture ratio data point was obtained in each firing.

As indicated in table IV, the two A-I injectors were es, entially identi-
cal; the only reason that two were tested was that a test mishap caused
damage to injector S/N HK 713 during it, second firing* and performance
datacould not be obtained over the desired mixture ratio range. Injector
S/N HK 707 was substituted and 11 firings were made over a mixture ratio
range from 3.7 to 6.1.

Both injector S/N HK 713 and injector S/N HK 707 were obtained in
the modified condition as GFE from the Contract NASw-754 hydrogen/

fluorine research program. The important modification made in each case

under that program was reFlacement of the faceplate with a part having
smaller diameter fuel holes. The fuel annulm gap width in the modified
injectors was 0.008 inch.

Reduction of fuel gap was the approach taken in the earlier progratm
to improve mixing. In the RLIOA-! injector the propellants are injected in
straight concentric streatm, and mixing it affected by rite shear forces

between the oxidizer and the fuel stratum. Thin, reducing the fuel gap
i_ the fuel velocity and the fuel-te_xidizer injection momentum
ratio.

• The in_ectorozidlztr p_g# rcgulatm mllu#ctioncd dm_g ItG am treads#, pit.
millingfwi #oenter the ozidiz_ mnifold belor¢ozidi_ flow ,_ttd. W&mmddi_"

introdwed, ¢ombmtionawted in the toni[old, _g the im_lor.
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At the nominal mixture ratio ot 3.75, the c" efficiency indicated for

injector _S/N HK 707 with flox/methane was approximately 84.5%. well

beh,w tile target of ,Vio'...,c,. Tile inb.ction momentum ratio was calculated

for each of the firings, and the plot of c* etticiency vs m,,mentttm ratio

presented in figure 12 was constructed. Based upon the momentum ratio
a

t,) c* efficiency relationship shown, a momentum ratio of 6.2 would be

required at a mixture ratio of 5.75 to achieve :t5°/'o c* efficiency. The

• 0.008-inch fuel annuhts width of injector HK 707 provided a momentum

ratio of .3.1 at the nominal mixture ratio; '_oachieve the higher level, a gap

width of 0.004 inch would have been reqttiled.

Ioo

, 98

%
m..

9b

g._ Target c* Efficiency

92 /" Required
/ Momen t:um

i ,°
88

I"
d

0 •
• i ill

0 2 3 4 5 6 ?

m,._.-'rx__a,uTm4 _'rzo, ofvf/_v °

Figure: 12. Variation in Ckaracterbtic Velocity Efficien_ Witk DF 690Jl

Injection Momentum Ratio (Injector S/N HK 707)
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It was not considered practical to attempt the incorporation of 0.004-

inch gap fuel annuli in all RL10 iniector. Because the face of the injector

is conical, the installation of a finite thickness ftlel plate incorporating such

small clearances is impossible without distorting the oxidizer spuds. In

addition, uneven thermal growth during est operation could cause the

tlearance space at some spuds to be closed for at least a portion of the circum-

ference, with loss of cooling in the areas of contract and resuhing spud tip

erosion. This latter phenomena was noticed to some extent in injector

S/N HK 707 with 0.008-inch fuel gaps. The injector was in generally good

condition following 11 tests for a total of 35 seconds, but. spuds touched the

Rigimesh face at a few locations, and minor tip erosion was noted. The post-

test condition of the injector is shown in figure 13. The carbon deposits on

the Rigimesh face are typical. Because further modification of RL10A-I

type injectors was not practical, attention was directed to the A-3 type. This

effort is described in paragraph b following.

Fioare 13. Injector SIN HK 70j Alter Test No. I_.USL FD 160$1,4

An important effect noted during the initial test series was that of

flox mixture composition on performance. The method of flox mixture
preparation at FRDC is described in Appendix A. Flox mixtures were
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made in batches by weight and, for the initial firings, samples were taken

for analysis during propellant transfer operations immediately preceding
testing. The samples were retrieved and analyzed following the test. One
of the two batches used in testing of the A-1 injectors was found to be of
77% rather than 82.6% concentration when analyzed; the other batch

• contained 82.4% fluorine. Figure 14 displays c* efficiency vs mixture
ratio for injector S/N HK 707 for each of the two flox concentrations. There

is an obvious difference in performance and further, there is a 2% differ-
ence in c* efficiency at the optimum mixture ratio for each concentration

(5.5 for 77% and 5.7 for 82.4% fluorine). To provide better control of
contentration for further tests, sampling at both the 'time of mixing and
prior to test was instituted, and a tolerance ot ___0.5%on the 82.6% concen-
tration was specified for all mixes.

No Ceg :

I, XDenotel ThrustBasedValues
' 2. ShadedSymbolsl)enoCePc

_ L . ,

_ _ _ ,- -- , ___.._. i d'-77_ FIOX

, J °
3,0 : 4,0 $40 _0 7.0

Figure 14. Comparison of Injector SIN HK 707 Characteristic Exhaust DF 69052
Velocity Elficiencies at Different Flox Concentrations

One other result worthy of note can be seen in figure 14. The uncooled
thrust chambers had low expamion ratio (e, = 3.25), 15.degree half-
angle nozzles for which the thrust coefficient could be calculated with

confidence and for which any chemical kinetic effects could be neglected.
It was, therefore, possible to calculate c* efficiency from thrmt measure-
ment_ as well as chamber pressure measurements. Values calculated both

waD are included in the plot, and the excellent agreement between them
is obvious. Thh confirms the validity of measurement_ and of the method
of calculating combustion momentum kmes.

S9
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b. RLIOA-3 Type Injectors

Five RL10A-3 type injectors, serial numbers IF 764, RY 14, IF 763,
O "3K _94a, and AAF 11, were tested. As in the instance of the RL10A-I type

injectors, fuel injection gap widths were varied. In addition, numbers of

swirlers, swirler design, and radial mass flow and mixture ratio distribution
were varied. Changes were made progressively and, in accordance with the

minimum change restrict:'on, were limited in each step to the items felt

necessary to achieve performance and durability.

(1) Injector Development

(a) INIECTOR S/N IF 764

For the first RLIOA-3 type injector, the Bill-of-Material oxidizer
swirlers were replaced with 0.010-inch thick twisted stainless steel ribbons

having straight axial extensions, as shown in figure 11. The swirlers were

inserted from the rear of the spud plates and fixed in place by tack welding

the ends of the extensions at the spud entrances. As in the oxygen/hydrogen
units, swirlers were installed in the intermediate rows only. The inner
concentric row of six elements was retained without change; the orifices of
the outer row elements were drilled to the same diameter as the intermediate

rows (O.085-inch). In view of the fact that a performance improvement was

expected because of the improved atomization and mixing provided by the

swirlers, and to avoid possible durability problems, fuel gap widths were

increased over those of A-1 injectors S/N HK 713 and HK 707. The gaps
were sized to provide uniform, mixture ratio distribution and therefore
varied from row-to-row to match the different types of oxidizer elements
(table IV).

Injector IF 764 was subjected to five uncooled pressure-fed thrust
chamber tests to obtain data over a mixture ratio range from 4.35 to 5.79.
The condition following test was considered excellent as shown in figure 15".
The only variance noted was minor erosion on some of the straight passage

outer row spuds; the intermediate spuds containing swirlers were in excel-
lent condition, i

i

Performance data obtained indicated that at the desired mixture ratio i1

of 5.75, the c* efficiency provided by the injector would be between 90 t

and 91%. This represented a significant gain over the performance of

the A-I type injector, but was still below the 95% target, so a neceuity for
further changes was indicated.

• Followingtest, the injector wasretainedin i_ modifiedcondition. It uau used in the
first en_nc test conducted to check out stand modificatiom and, as described in
$ectionI!1, wasdamagedbecauseof an oxidizerinlet shutoff valvemalfunction.
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-_" "--'----- _ _ Minor Spud
J

_ _ , - Erosion.., _ _, /,= i'.',,,:. ?, (Typical) -]!

0 ,,

-- _ 'x" O_

J" "=" O-

C," 0 C' .,.,,G_,

Figure 15. Injector SIN IF 764 Uncooled Testing FD 29199

(b) INIECTORS S/N RY H i
To achieve even further performance improvement over that realized

with S/N IF 764, swirlers were installed in the outer as well as intermediate
rows of injector S/N RY 14, and the innermost row of six elements was
eliminated. The swirlers used in the outer row were two turns per inch,
rather than five turns per inch, to reduce the spray angle so that oxidizer
would not impinge on the thrust chamber wall. The outer row oxidizer
orifice diameters were increased to improve the mass distribution uni-
formity, but the extent of this modification was limited became of modifi-
cations previously made to this injector during its me in the oxygen/

hydrogen development program. The outer row fuel gain were decrea,_
to 0.012-inch diameter to provide a uniform mixture ratio profile.
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Injector S/N RY 14 had been reoperated frequently during use in

the RLI0 oxygen/hydrogen engine development program, and apparently
some of the reoperati,Jns compromised its integrity. Because of this, the
injector was damaged during its two flox/methane tests and the results were
nonrepresentative.

(c) INJECTOR S/N IF 763

Injector S/N IF 763 was initially modified (IF 763-1 in table IV) to
include the same features as RY 14, but the outer row oxidizer orifice

diameter wa- increased to improve radial mass flowrate distribution, and
fuel annulus widths we,'e reduced to 0.009 to improve mixing. The part

sustained damaged in its first two tests (I-CA and 2-CA), and, during subse-
quent repair, 0.037-inch thick nickel swirlers with the same numbers of
turns per inch were substituted for the 0.010-inch thick stainless steel parts
used originally. The injector was designated IF 763-2 after the second
change.

The injector was subjected to three tests in pressure-fed cooled cham-
bers after its first modification. In the first two tests, the chamber was

overcooled, i.e., the jacket flow was in excess of regenerative flow and a
portion was discharged overboard at the jacket discharge while the required

amount was passed through the injector. The test arrangement is described
in Appendix A. Control problems aggravated by the excessive -,olume of
the coolant jacket for methane resulted in chamber damage during the
start transicnts and both tests were limited to a few seconds duration. The

tests were sufficiently long, however, to reveal a problem of swirler
durability.

Swirler damage was typically found at the three outer rows of elements.
In most cases the swirlers were completely missing. They were consumed
by reactions as indicated by traces of carbon deposited on the backplate
and spudplate in the area of damage, as shown in figure 16. It is con-
jectured that, during transients, combustion products hack-flowed into the

oxidizer dome through outer row spuds causing swirler reactions. The
products of the reactions were expelled from the oxidizer cavity through
the next two adjacent inner rows of spuds, causing damage to the swirlers
in those rows. The backflow problem persisted even though a high pressure-
high volumetric flowrate helium purge was added at the oxidizer manifold.

With 0.37-inch nickel swirlers substituted for the 0.010-inch thick

stainless steel swirlers, injector S/N IF 763 was tested in a pressure-fed
cooled thrust chamber with separate cooling. The separate cooling scheme,
which is also described in Appendix A, is one in which liquid coolant is
supplied to the jacket at any desired flowrate and gaseous fuel is supplied

to the injector. Difficulties were encountered in the single test conducted
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and thrust chamber damage resulted for reasons that will be explained in
later paragraphs. The injector was also damaged, but, even though spud

erosion occurred, the nickel swirlers were intact. The nickel swirler design

was therefore retained in future units. Although the extent of testing of
injector S/N IF 763 was limited because of the problems noted above,

sufficient data were obtained to indicate that it provided a significant

improvement, somewhat over 2%, in c* efficiency, over S/N IF 764.

@Q

Figure 16. Deposits on Spudplate as a Result of Swirler Reaction FD 29200

(d) INJECTOR SIN 3K 2945 "

Injector S/N 3K 2945 duplicated the revised (nickel swirler) con-
figuration of S/N IF 763-2 except that more conservative (larger) fuel
gaps were used, 0.015 in intermediate rows and 0.012 in the outer row.

A faceplate having one-half the standard scfm porosity was incorporated
so that a greater percentage of the fuel would be injected through the fuel
gaps. This was done to maintain the momentum ratio as high as possible
with the larger gaps.

Injector S/N 3K 2945 was tested in the engine system and was damaged
as a result of the coolant transient surge problem encountered. However,

evidence of a spud tip erosion problem was noted and it was decided to
institute a change to correct it in the next unit.

(e) tNI_CTOR S/N aaF H

The change made in injector S/N AAF 11 to overcome spud tip erosion
was to change the oxidizer spudplate material from stainless steel to nickel.
It was expected that nickel would provide the necessary durability at elevated

4S
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temperatures in the fluorine environment. Nickel swirlers 0.037-inch thick

were used as they were in S/N IF 763-2 and S/N 3K 2945. Two configura-

tions of the injector are shown in table IV, S/N AAF 11-1 and S/N AAF 11-2.

After the initial tests of S/N AAF 11-1, signs of nonuniform heat flux were
evident from the carbon formation on the thrust chamber wall. To mini-

mize any effects of possible oxidizer stream misdirection, 26 0.010-inch
diameter fuel holes were drilled near the outer circumference of the injector

face in suspect areas. In addition, outer row fuel annuli were electro-

discharge machined to increase the gap in the outer semicircle from 0.015
to 0.020 inch. The identification was changed to AAF 11-2 after this change.

The change to nickel in the spudplate provided excellent durability,

as evidenced by the fact that the injector was in like-new condition follow-

ing seven engine firings (E-3 through E-9) for a total of 134 seconds at
mixture ratios that reached as high as 6.8 for short periods. A post-test

photo of the injector is presented in figure 17. There was no damage to
either the swirlers or the spuds, even though, as can be seen in the photo-
graph, there were some uncarboned areas of the faceplate near several ele-
ments, which indicated contact between the spud and the faceplate. In

injectors with stainless steel spudplates, premature spud erosion would
surely have resulted.

- soota P.,atm

t i \

1

' 1

/
/%. i_

• , %

Figure 17. Injector S/lq AAF 11 Alter Six Engine Firings FD 29198
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3. PERFORMANCE SUMMARY

a. Characteristic Exhaust Velocity

Characteristic exhaust velocity efficiency data for the injectors tested

are summarized ir /igure 18. The performance improvements realized by

• progression from the A-I injector (S/N HK 707) to an injector with swirlers
in intermediate rows (S/N IF 764), "nd finally to swirlers in all rows

(S/N IF 763 and AAF 11) are at once obvious. The lower performance

• of injector AAF 11 compared to IF 763 is attributed to the larger fuel

gaps it contained, which reduced momentum ratio. One data point is shown
for injector S/N RY 14 and, although the gap widths for it and S/N AAF
11 were similar (table IV), a significant difference in performance was

noted between them, with S/N RY 14 providing much lower efficiency.
This difference is attributed to uneven mass flow distribution in injector

S/N RY 14. The mass flow per unit area distributions of injectors IF 763
and AAF 11 were tailored to be radially uniform for high efficiency. In
the case of injector S/N RY 14, the area mass flow in the outer row was 22%
less than ,he mass flow of the inner rows. The radial variations of mass

flo,_, per unit area determined from water flow calibration of those three
injectors are compared in figure 19.

As can be seen in figure 18, the performance efficiency of all injectors
decreased with increasing mixture ratio. Unfortunately, the data obtained
with the highest performance injectors was limited to low mixture ratios;

however, the plot of absolute characteristic exhaust velocity level in figure

20 shows that injectors S/N IF 763 and S/N AAF 11 both demonstrated
peak characteristic velocities at low mixture ratios that were above 95%

of the maximum theoretical (i.e., at r = 5.75). The extrapolated efficiency
of injector AAF 11 was above 95% at a mixture ratio of 5.75.

t00
w,t

_. /% ^ _ t_ r-InJec:or IF 763 Symbol Injector

eu_ Injector AAylL ZF 766,EY 14
W" --'---- IF 763

InJeetor r_ I_

u

J . ii ii i i i i -*

!
Figure 18. Chatect,,ristic Exhaust Velocity Efficiency Summa_ DF 69112
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b. Vacuum Specilic Impulse

Figure 21 displays the vacuum specific impulse efficiency obtained

_ith the two highest performing injectors. The absolute value of impulse

that these efficiencies would provide when referenced to the standard

normal t,oiling point liquid propellant inlet conditions is also shown. Both

• injectors produced maximum impulse at a mixture ratio below the theo-

retical optimum. Based on the standard propellant inlet conditions, the

maximum specific impulse demonstrated with the area ratio of 40 nozzles
was 384 seconds (injector S/N IF 763).

430
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Vacuum thrust coeffidient efficiencies for the thrust chamber are

presented in figure 22. The dropoff that occurs with increasing mixture

ratios is a.tributed to two phenomena: (1) kinetic losses, and (2) a decrease

in the theoretical Cr due to mixture ratio variations within the exhaust

gases. Theoretical thiust coefficient losses due to kinetics have not been

calculated for flog/methane at the conditions of the tests. Low chamber

pressure flox/methane data (References 2 and 3) indicated that the kinetic

losses predicted by the present metliods are from three . five times higher

than the experimental losses. A NASA funded program (Reference 5) is

now in progress at the United Aircraft Corporation Research Laboratories

to identify the important rate limited reactions and to generate a Lot'rela-

tion with availabi,, experimental data. With respect to mixture ratio

variations, the possibility of CF efficiency losses because of nonuniform

mixture ratio profiles was established in Reference 6, but the magnitude of

such losses cannot be determined without specific knowledge of :lie mass
flow-mixture ratio distribution.

,_ ZOO
i

'_ AAtrodyna_c
r..)_> gfficif.ncy, C

-. 9o A_ ____./" "

9e @ n

i .g | Test _to.

94 %0 1*CA
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O t-7
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Figure 22. ExpeTimental Vacuum Thrust Coefficient Efficiency DF L#¢'iO

C. THRUST CHAMBERS

Became of the large demity differences between hydrogen and methane,

it was recognized that cooing pamage modificatiom would be required

to permit operation of lULl0 thrust chamber with regenerative cooling ih

flox/nmthane demomtration test engines. However, exiliC, rice in testing

with flox and light hydrocarbon fueh under Camtmcts NAS$-4195 and

NASS.62f6 had thewn that actual heat fluxes would wry from _,P
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values because of carbon deposition on thrust chamber walls, fherefore,
initial injector evaluation tests were made in instrumented uncooled thrust
chambers to obtain experimental heat flux data before modification of the

cooled thrust chambers was attempted.

• Significant reductions from theoretical heat flux levels because of

carbon deposition were found in uncooled thrust chamber testing, but
wide circumferential variations were noted. Therefore, a conservative

• approach was dictated for the modification of cooled thrust chambers.
Cooled chambers were modified to improve cooling in areas shown by
analysis to be critical, and were tested. However, transient problems t' at
caused tube fMlures were encountered in both pressure-fed thrust chamber
and pump-fed engine tests. Thrust chamber damage was encountered con-

sistently until additional changes were made to reduce coolant jacket

volume in areas where the basic design was satisfactory from a heat transfer
standpoint. The steps that led to the development of a suitable thrust

chamber configuration are described in the following paragraphs.

1. UNCOOLED CHdMBERS

a. Test Hardware

Three series '_uncooled pressure-fed tests were conducted using heat
sink copper thrust chambers with low-expansion ratio nozzle. The copper
thrust chamber assembly consisted of three major componem_, a ct_amber,

a circumferential instrumentation ring, and an adapter ring. An exploded
view showing the parts is presented in figure 23.

The chamber section was machined from high purity oxygen-free

copper and comisted of an RLI0 contour combustion section and a 3.25
expamion ratio, 15-degree half-angle conical nozzle. A comtant wall thick-

nets of 0.75-inch was selected to provide an acceptable combination of run

duration capability and thermocouple response. Imtrumentation on the
chamber section initially consisted of one longitudinal row of 28 chromel-
alumel thermocouples embedded in outer surface, but for the third series
of uncooled tests two rows of circumferential outer wall thermocouples
were added. These were used to obtain circumferential profile data near
the throat. Thertr, ocoupla were di,tributed as shown in figure 24. The

axial spacing was established hc'g.d on expected temperature gradients,
closer _pacing being used in the region where highest thermal gradienta

were expected. This was done m that heat flux profiles could be determined
with accuracy using an inverse two-dimemional conduction calculation
procedure. To provide the adiabatic bmmdary condition almlmed in the

calculadom, the chamber was wrapped with fiberglass insulation.
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J Thrust Chamber
(Instrumented)

_' _- -- --"_ r-]E_ckup Rin8 for
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Discharge Tube (6)
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Figure 23. Exploded View of Uncooled Copper Thrust Chamber and FD 15710
Instrumentation Ring Assembly
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Figure 24. Location of A:ds! and Civt'sm[erential &tin Therntocouple: FD 1551#(7,
on Uncoated Thrust Chamber
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The instrumentation ring was installed next to the injector so that

the circumferential heat flux profile at that station could be determined.
It was fabricated from high-purity oxygen-free copper and contained 48

isolated segments for which radial one-dimensional heat flux could be deter-

mined. Thirty-one of the segments were equally spaced over a 90-degree arc
and sevent.:.en were distributed equally over remaining circumference

as shown in figure 25. The segments were created by milling pairs of 0.375-

• inch deep slots the length of the ring (0.50 inch) to isolate sections 0.26-

inch wide. The machined segments were insulated circumferentially from
one another and axially from the adapter ring with spacers fabricated from

a silica glass fiber phenolic-resin laminate. A chromel-alumel thermo-
couple was installed in each segment, 0.12-inch from the inner surface of

the ring, to provide the temperature data required for heat flux deter-
mination.

Figure 25. Circumferential Instrumentatmn Ring FD 17380A

The adapter ring was provided to permit assembly of the instrumenta-
tion ring to the injector and thrust chamber. As shown in figure 26, it

consisted of an inner copper cylinder that contained axially spaced thermo-
couples to provide continuity of longitudinal thermal data from the cir-

cumferential imtrumentation ring to the chamber, and an outer steel backup
ring with attaching flanges.
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31 FIJnlre Dmcharje Tube

Slot [ Metallic -Stainle_ Steel Backup Ring

[ O'Rinl 8reel
Face Plate 8plit-R/nl Clamp

Thrust
Chomb,_

Cyhnder

Thermocoupba ,Axial Thermocouple

Cr_ Sect_m d Cb,:umbrent_d Therm_ouple Iml_mentation Rin8 _)
IM_umentaUon Bin8

B_kup ChamberC4mtedine
for Ciruunfeum_i
Jmtrmen_m I_q

Figure 26. Arrangement of Circumferential Instrumentation FD 14535C
Ring and Adapter

b. Test Experience

Twenty sea-level exhaust tests (dr _ ted I-USL through 20-USL in

Appendix D) were made with the uncooled thrust chamber. Two RLIOA-I

type injectors (S/N HK 713 and S/N HK 707) and two RLIOA-3 type

injectors (S/N IF 764 and S/N RY 14) were used in the testing. After all

tests a characteristic carbon layer was deposited on the chamber walls and

injector faceplate. Figure 27 shows the deposits on the chamber after the
last uncooled test series.

-$

Figure 27. Carbon Depmit: in Uncooled Thnut Chamber FE 64_)4
After Test Series No. 3
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c. Heat Transfer

Longitudinal heat flux profiles and combustion side wall temperatures

were calculated from experimental time-temperature data at the chamber
outer surface using inverse two-dimensional transient conduction equations.

The method used in processing uncooled thrust chamber data is presented

" in Reference 7. Data obtained from ttJe circumferentially-instrumented ring

(one dimensional heat flux) were treated as a special case of the two-dimen-
sional application.

Combustion side film coefficients predicted using the Bartz short form
(Reference 8) are compared with experimentally-determined longitudinal

film coefficients in table XI. The experimental film coefficients in the
combustion section were consisteatly between 20 and 50% of the predicted
values, with the maximum film coefficient occurring at, or slightly upstream

ot, the throat. A graphic comparison of predicted and experimentally deter-
mined longitudinal film coefficients obtained with injector S/N IF 764

for three different mixture ratios is presented in figure 28.

; Test _o. " .......

; -- I4-USL • : . ]' o ....IS-USL

...... _0 , ................ " 1 i

:

' "lhn:ts Shot= Pare : _ " :4 I

I-:_ .:-:i" : ...................... -:

.... ; .... - . . .L _..... ."_'_'_ .......... ..... : . = " •

i.... 10o " i ....... ' ' . " . . . ..... , ...... i
i- . . '. . . .'_i,_...,kt ; ..... : . . : !.... :...._:;
...... . ............... --.......... z...........;.......i....T .......-""T'-..":

t .... r-- :'";, ..... -i :-v ,- , I" ,-,.

t.....................' ' .....t..........._'_.-......'.__.____:_:=_'_,'l'__,_., " " ""
Figure28. Coml_risonof Meo.turedandEgper/men#!Heat Flu DF 690_

ForInjector SIN IF 264
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Figure 29 shows the circumferential heat flux variation measured with

two injectors, S/N HK 707 and S/N IF 764, each at a mixture ratio near
the theoretical optimum of 5.75. Ahhougi_ the coefficients determined
from circumferential instrumentation in the radial plane of the longitudinal
thermocouples agree favorably with the values obtained from the longi-

tudinal instrumentation (within 4%, 107 to 103 btu/hr-fG-sec), a circum-
ferential variation of nearly 100% was found for both injectors.

I

Plane of Axta].
Thermocouples

2. COOLED CHAMBERS

Extemive heat tramfer analyses of the RLIO thrmt chamber operating

: with flox/methane were made to identify possible problem areas so that
suitable modifications could be incorporated. Experimeutal heat flux

i data from uncooled tests were"taken into account, and experimental results

from independently conducted methane heated tube tests were used to
determine coolant side coefficients. (See figure 30.)

i "
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Figure 30. Resultso[Methane Heated Tube Tests at SupercriticalPressure FD I2554

The combustion side film coefficients determined experimentally in
uncooled tests were significantly below theoretical, and calculations based
on those coefficients indicated that the chamber could be adequately cooled
without modification. However, the large circumferential variations indi-
cated that values avproaching the Bartz coefficients could reasonably be

expected to occur. A conservative approach was warranted, and therefore
the initial modifications were based on analyses using the theoretical com-

bustion coefficients. The modifications are discussed after the following
brief description of the basic thrust chamber.

a. Chamber Description

As depicted in figure 31, the RLI0 thrust chamber is an assembly
comisting of 180 "long tubes" and an equal number of "short tubes." The

long tubes extend from the i,jector to the exit plane. The short tubes are

interleaved between the long tubes in the nozzle at a point approximately
one-third of the distance from the throat, and extend to a turnaround

manifold at the nozzle exit. The jacket inlet manifold is located at the start

of the short tubes. During engine operation, fuel enters the short tubes at

the inlet manifold and flows parallel to the exhaust gases to the turnaround
manifold. Then it enters the long tubes and flows counter to the exhaust

gases to the collector manifold, where it is routed to the turbine.

The tubes have a wall thickness of 0.015 inch and are fabricated from

AISI S47 stainless iteel tubing. The long tubes are "double-tapered" and
the short tubes are "single-tapered." In the "double4apered" long tube,,,
the tube diameter increases progressively from the throat section to either
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end, giving the tube a venturi shape. The "single-tape_,d" short tubes
increase in diameter from the t_' ket i_llet manifold to the nozzle exit section.

The chamber is formed by furnace brazing the tube bundle and a rein-

forcing jacket is used to strcc, gthen the combustion chamber and throat

region. The dimensions of tile chamber are shown in figure 32.

Turnaround lV[anifold--_

_- Long Tube

Manifold

Outlet Manifold Reinforcing Band

Figure 31. RLIO Th,ust Chamber t_,,_figuration FD 25671

-¢
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b. Modi/ications

Analyses indicated that there were tw(r potential failure areas in the
RI,10 thrust chamhcr it it were to be tested with flox/methane without

modification: (1) in the long tubes at the transition section where a tube

cross-section area increase is necessary to compensate for the termination

of the short tubes: and (2) in tile comhustion region near the injector.

In both of these regions coolant vehwities were too low to provide film

coefficients adequate for local heat fluxes. Two different modifications

were tried in each of these regions as described below.

(1) T:*ansition Area Modifications

"Fhe first modification tried in the transition region was applying a

high-conductivity silver-braze material to fill the root area between tubes

The filler material provided a conduction path into the root zone to reduce

crown temperatures. The calculated effect of braze addition on tube wall

temperzture distribution is shown in figure _3. The diagram on the left

shows wall tempeY_ture isotherms predicted in the transition region in the

Bill-of-Material fonfiguration. The diagram on the right shows the pre-

dicted temperature distribution with braze addition. A reduction of crown

temperature from 2492"R to 1630"R was indicated by calculations, but

in actual application it was found that the filler braze was subject to

erosion and that other techniques for modification were required.

Heat Flow Sliver Braze Addition

4 4 0

O,INS

Figure J). Effect of Filler Braze on Tempemlwtt Dbtribution in Tube Wdlt GS 790J

Thelecondandmo_ellective_tion in the muaitionrel_
comistedoCincorpmatedcoolingfinsinthe long tubes.The fins were
9-incheslongand werefabricatedfromO.OeO.inchthickminlemmeei.
TI_ werewelded".intothetubestoradiallybisectthe.4abeflow_ and
amudlptemueequalhanlgpp wesleftat the_.omercrown.AsketchJow.
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ing the modification is presented in figure 34: This alteration improved

tube durability in three ways; (1) the coolant side film coefficient w.'.s
increased because of the higher coolant velocities caused by the flow area
blockage; (2) the heat transfer rate to the coolant was increased because
of the larger conduction area provided by the fins; and (3) hoop stress at
the tube crown was reduced because of the increased wall thickness produced
by the welding operation.

" Inlet

Ck_m

Figure 34. Fin Installation in RLIO Chamber Nozzle i_D 23713

(2) Combustion Chamber Modifications

The first modification used in the combustion chamber region consisted
of installing twisted copper inserts in the tubes to reduce coolant flow
area and increase the coolant side film coefficient. The inserts were in-

stalled through holes drilled in the coolant discharge manifold, and were
held in place by stainless steel extensions that were welded to the outlet

manifold. (See figure 35.) The inserts were fabricated from 0.090-inch
square copper bar stock, which was twisted to assure that there would be
no extended areas of direct contact with the tube wall. The length of these
inserts was varied between $ and 8 inches in different thrust chambers. In

two chambers, the insert length was extended to 11 inches by the addition of
smaller diameter copper wire.

The second, and more effective, combmt_mn area modification in-

volved the me of fins similar to those reed in the transition region. The

fins extended from the discharge manifold to a point i inch Ulxtream of

O.060.inchthicksminlm ueel plateand wereof the appropriateheightto
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provide the same blocking area as the inserts. Thus, in addition to pro-
viding the same coolant veloci:y as the inserts they produced further

improvements due to the fin conduction and the increased wall thickness.

The use of silver braze filler was also tried in the combustion chamber

area of a J umber of chambers, but operational problems resulted in damage
to those chambers and the utility of the approach was not established.

Discharge Manifold

Wel,

',hamber Tube
Copper Inser_

Stainless Steel Insert Extension

Figure 35. Tube Insert Installationin CombustionChamber FD 18413A

c. Chamber Instrumentation

A number of coolant bulk temperature thermocouples were installed
in the modified cooled thrust chambers tested to provide additional data

on heat transfer. Typical coolant tube thermocouple installations are shown

in figure 36. Because the thrust chambers were completed assemblies as
received, installation of the thermocouples was difficult and the number
used was limited accordingly.

d. Test Experience

Three over-cooled preuure-fed thrust chamber tests and nme pump-

fed engine tests were made using five thrust chambers, one of which was
modified twice. Modifications incorporated in the various units are sum-
marized in table XII.

6O
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Thermoc_pleJunction_ __.._..---..._

._,. _ Bulk Thermocouple _

Manifold Only

ThermocoupleJunction-'-7

,,\

Typical Coolant Tube
Bulk Tbermocouple Installation

Figure 36. Thermocoupie Installation in Cooled Thrust Chamber FD 12881C

TABLE Xll. COOLED THRUST CHAMBER MODIFICATIONS

Test No. Chamber Cooling Modifications
S/N Mode

1-CA, 2-CA KD 115 Supplemental 8-inch inserts in Cubes of combustion sec-
Cooled cion. Silver braze in tube transition area.

3-CA HF 318 SeperateJ.y 11-inch inserts in cubes of combustion sec-
Cooled Lion. Silver braze in cube cranslclon area.

E-1 JP 97 Regenerative 3-inch inserts in cubes of combustion sec-
(Engine) tlon. Fins in Ions tube transition area.

E-2 JP 88 Regenerative 3-inch inserts in tubes of combustion sec-
(Engine) Lion. Fins in long tubes of transition area.

E-3 JP 42 P.esenerati_e ll-inch inserts in tubes of combustion sec-
(Engine) Lion. Silver and nickel ptatin 8 in combus-

tion area. Fins in Ion S Cube transition
area.

E-4 through JP 88 Regenerative Rebuilt with ll-tnch fins installed in Cubes

E-9 (_sine) of combustion section. FLus tn Ions Cube
transition area. 26-inch long rods inse'rted
in all nozzle tubes.
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(1) Pressure-Fed Tests

The first two pressure-fed tests of cooled thrust chambers were made
in supplementary cooled mode, i.e., liquid fuel in excess of the amount

required for combustion was fed to the cooling jacket. The excess coolant

was bled overboard after passing through the cooling jacket with the re-

mainder being supplied to the injector. Control system difficulties experi-
enced in those tests resulted in chamber damage. Prior to the third

pressure-fed test, the system was modif'ed to supply the injector from a
separate source and thus eliminate the need for two control valves down-

stream of the cooling jacket. This scheme provided satisfactory control.

However, during the steady-state portion of the test, 17 tubes failed in the
transition region, permitting the coolant flow to be diverted from the

combustion section cooling tubes into the nozzle and causing damage to

the tubes in combustion section. Detailed analysis of the affected area in

the transition region revealed the failure to be a result of the high coolant

flow, which allowed low coolant temperatures to be maintained well into
the low area ratio portion of the nozzle,

Figure 37 shows the effect of coolant temperature on wall margin*

in the failed area. Because the pressure at the failure point was not directly
measured, the margins are presented for both the jacket inlet and outlet
pressure levels. Thermocouple data indicated that with the amount of
overcooling used, the coolant bulk temperature at the location of failure

would be dangerously close to 340°R, the point of minimum tube wall

margin. The dramatic change in margin in this region of bulk temperature

is due to the wide variation in coolant properties near the critical tempera-

ture (343°R). At regenerative cooling flowrates, this condition would not

have been encountered because the critical region would have been traversed

in the lower heat flux regions further out in the noule.

(2) Engine Tests

During the engine tests a severe transient cooling problem was en-

countered. As detailed in Section III, the relatively large internal volume

of the cooling tubes allowed a significant quantity of high density methane

to accumulate in the tubes during the engine start. When the chamber

pressure, and therefore heat flux, increased rapidly during the tramient, a

large decrease in the coolant density occurred. This camed a surge or, in

some cases, a complete inlet flow reversal. The reduced cooling velocities
during this period resulted in tube failures.

• Wallmarginisdefinedasthedifferencebetweenthepredictedtubeoperatingtempera.
ture and the temperature at whichthe calculatedtube hoop streu equals the 0.2% yield
8treu of the mrferial.
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Figure 37. Predicted Variation in Tube Wall Margin With Coolant FD 25628

Bulk Temperature at Point of Failure in Test No. 3-CA

The surge problem was resolved by a system change and a thrust cham-
ber change in combination. The system alteration was a controls change that
reduced the rate of oxidizer introduction into the chamber and therefore

the rate of change of heat flux; the chamber was modified to reduce coolant

tube volume as well as to improve heat transfer in the problem areas.

RL10 thrust chamber tubes, sized for hydrogen, have an aggregate
internal volume of almost 0.7 fta. This volume is equivalent to approxi-
mately 18 pounds of liquid methane. To reduce this volume, the final
chamber tested, S/N JP 88, was modified by insertin:- 0.187-inch diameter
stainless steel rods into each of the nozzle tube . The rods were inserted

through the turn-around manifold and extended 21_ inches into the tubes
as shown in figure 38. In addition to reducing the chamber volume by

almost 25%, the additional mass of the rods provided residual heat capable
of heating 4 pounds of liquid methane to 400°R (with the jacket at the

temperature typically experienced at engine start). The combination of
reduced chamber pressure rise-rate and reduced cha nber volume had the

desired effect. The coolant flow upset was significan dy reduced and it was

possible to proceed with engine testing.

Because of the possible stability problems that could be encountered
with bulk-boiling, the engine cycle was configured to maintain cooling
jacket pressures sufficiently high so that this situation would be avoided.
(Refer to Appendix C.) The jacket pressure was either maintained above

the critical pressure (673 psia) throughout, or the inlet pressure was suffi-
ciently high so that the coolant critical temperature (345"R) was exceeded

at pressures above critical. Became qf the chang_ in turbine area during
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test No. E-4, tile engine operated with jacket inlet pressures below the

critical vahte for a;; ,m 9 seconds. ?_o signs of instability were noted and

no chamber damage _a, _'ncountered. Brief periods ot subcritical pressure

operation were also en,'_ tnnered in tests No. E-7 through E-9. No coolant

flow instabilities were indicated. However, the slight chamber damage

existing at the start o, test E-7 increased during that test. The increased

damage was probably caused by the weakened condition of the chamber

at the start of the test, but the possibility of tube-to-tube fhtctuations due

to boiling cannot be definitely eliminated. Although the lack of inlet or

outlet flow instability indicated that the system was at least marginally

stable with bulk-boiling, it is felt that subcritical pressure operation should

be avoided unless extensive dynamic analyses are completed to assure that

stability can be maintained. The work reported in Reference 3 showed

that an RLI0 chamber could be cooled with bulk-boiling methane; how-

ever, extensive chamber modifications were required to minimize tube-to-
tube feedback.

Inlet

Outlet

-Weld

rurnm.ound
Manifold

O.187-ha. Dlam_ Rod

Figure 38. Rod Installation in C! _mber ]P88 Nozzle FD 2J627

e. Heat Transfer

Because of the limited amount of detailed information that could be

obtained, heat transfer analyses for the cooled thrust chambers consisted

primarily of comparing the experimental coolant energy rise profile to

that predicted using theoretical gas film coefficients. Figure 39 compares

the coolant energy rise determined from coolant bulk temperature measure.

ments with the theoretical rise based on two different percentages of the

Bartz coefficients, 250% in the nozzle region downstream of the inlet mani-

fold and 25% in the regions upstream of the inlet manifold.
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Reviewing the data obtained, it was found that the overall coolant

energy rise (heat transfer rate) was approximately 90% of the theoretical

value. The experimental value is based on inlet and outlet manifold

temperatures and thus provides an integrated average value for the thrust

chamber. The 10% reduction is slightly less than that measured in flox/

methane tests at low chamber pressure (100 psia) as reported in References
2 and 3.

" The unique indication of figure 39 is that the heat transfer rate down-

stream of the transition region is approximately 2.5 times higher than the

theoretical value. Based on the data from test 3-CA, in which the thrust

chamber was most extensively instrumented, approximately 80% of the
heat transfer occurred in the nozzle downstream of the throat. While

the bulk temperature thermocouples used were subject ome conduction

errors because of the method of installation, and there were also circum-

ferential heat flux variations, these factors could not reasonably explain

a difference of this magnitude This result is also substantiated by the fact

that when the high indicated value of nozzle heat transfer is subtracted

from the well defined overall heat transfer rate, the resulting chamber heat

flux is shown to be about 25_o of theoretical, which compares favorably

with that calculated using experimental film coefficients obtained in the
uncooled tests.
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SECTION V

TURBOPUMP MODIFICATION AND TEST

A cut-away sketch of the RL10A-I turbopump is presented in figure

40. The assembly consists of a two-stage centrifugal fuel pump mounted

on a common shaft with a two-stage impulse turbine, and a single stage

oxidizer pump that is gear driven from the turbine-fuel pump shaft. Chang-

ing to methane made it necessary to modify the fuel pump and turbine to

compensate for the great difference in the density of the hydrocarbon fuel as
compared to hydrogen (methane density is 26 lb/ft 8, hydrogen is 4 lb/fts).
With alterations to the fuel pump and a change in gear ratio, cycle require-
ments could be satisfied while retaining RL10A-1 oxidizer pump geometry;

therefore the only modifications required to the oxidizer pump were those
necessary to achieve chemical compatibility with liquid fluorine. Fortu-

nately, RL10A-1 oxidizer pumps modified for fluorine service in the

fluorine/hydrogen propulsion system research program conducted under
Contract NASw-754 were available for use in this program.

Detailed descriptions of basic configuration, modifications, and test
experience with the various elements of the turbopump (fuel pump, oxi-
dizer pump, turbine, and gear train) are presented in this section of the

report.

A. FUEL PUMP

1. PUMP DESCRIPTION °

The RLIOA-I fuel pump, which is mounted on a common shaft with
the turbine, is a two-stage centrifugal unit with rear shrouded impellers
mounted back-to-back for thrust unbalance minimization. The first-stage
impeller has 50-degree swept vanes and the second-stage impeller incorporates
radial vanes. A three-bladed axial flow inducer is mounted forward of

the first stage impeller. Recovery of velocity head is accomplished through
straight conical diffusers at the discharges of the volute collectors. The
first stage volute and diffuser are contained in the fuel pump housing;
the second stage impeller cavity and flow passages are located in the forward
end of the gearbox drive housing. The shaft is supported by two ball
l_earings, one mounted between the impellers and one at the turbine end
of the shaft. The bearings are not lubricated, but are cooled by fuel bled

from the inlet of the second-stage fuel pump impeller. Net thrust loads
are controlled by selection of pump impeller and turbine rotor disk areas.

There are four dynamic seals on the common pump-turbine shah.
All of these are of the spring-loaded face seal type with piston rings for
axial sealing. The stationary nosepieces are silver impregnated carbon,
rubbing on chrome plated rotating surfaces. One seal is located between

the two pump impellers to prevent leakage from the second to first stage.
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Two seals in series, with an interseal bleed back to the first stage inlet,

are used between the second stage inipeller inlet and the gearbox, and

there is a seal between the gearbox and the turbine.

11 10

_ l. - A_ _/ "" i ll:t_/_L'yR'7"r,?1 "

1. THRUST CONTROL
S. SND-STAGK IMPELLBR_ " _:. :
8. 18'r-STAGE IMPELLER .. .. ,_---.

5. PUMP DISCHARGB TO 811COND STA(III._--- _-_ -_It-....

8,OXIDIZIIRPUMP INIJIT -' '_*l :"
v.oxmm nmS.D - -.
8._Ol_nC _ "_xc![up" : .__. : , . :.

10.'lrOUll_,nigcailAIWig....._. ...--
tl. TURBINe. :BYPASM.l[qK)MTHRUST CONTROL :_ -; . ,

Figure40. RLIO,4-1Turbopump ,4uembly FD Y2LI/I

2. Modi]icatiom

Became of the significantly higher liquid demity of methane as com-
pared to hydrogen, fuel pump head rise and volumetric flow requiremenu
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for the modified engine are reduced drastically. The primary approach for

meeting the revised head rise requirement with minimum effect on the

remainder of the system was to reduce fuel pump diameter. However,

a modest reduction in pump speed was also effected by using a reduced

oxidizer pump gear ratio.

The modified pmnp is compared to the standard RLI0 hydrogen pump

in figure 41. The modified impellers were sized at 4.25 inch-diameter for

both stages, based on a head coefficient of 0.495 and a shaft speed of 19,926

rpm. Filler plates were added to the bearing support to fill the voids left

by the reduced diameter impellers, and thereby to'maintain smooth flow

passages that would reduce possible head losses. No changes were made

to the bearings, seals, or the fuel distribution system for gearbox cooling.

L_J-t TurbineInlet _ t't_ n" it }"_ )_-_ HYDROGEN

Fuel Pump

Straightening METHANE
V.ne. TURBOPUMP

Filler Plate

Diameter

Fifure 41. Comparison of Hydrogen and Methane FD 14535B
RLIO Turbopump Auunbly

It was necessary to remove the inducer blading bot_me of increased

stress leveb resulting from the increased fluid density and operation at low

flow coefficients. Pump NPSH capability was affected only slightly became

of the compensating effect of the six.fold reduction in pump volumetric

flow. Figure 42 shows the. tint-stage impeller, inducer hub, and bearing

support of the partially-am.,mbled modified fuel pump.
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Figure 42. First ,Stage of Modified Methane Pump FD 23837/1

3. Testing

Preliminary data on fuel pump operating characteristics were obtained
during engine cold flow tests made before the first hot firing. Figure 43

displays pump pressure rise vs flow, corrected to design point operating
speed. Two conclusions were drawn from the cold flow data: (1) the
head coefficient was approximately 0.55, rather than 0.495, resulting in
10% greater pressure rise than predicted: and (2) the slope of the pressure
rise vs flow curve in the region of the design point was positive. Operation
in regions where the pump characteristic curve has a positive slope is unde-
sirable from the standpoint of system stability. To obtain more favorable

characteristics (sin_e excess pressure rise was available) a 0.586-in. diameter
orifice was installed downstream of the fuel pump. During the last engine
test series the engine cycle balance was adjusted by reducing the discharge
orifice diameter to 0.495 inches (see Section Ill). The head/flow char-
acteristics for the pump and orifice combinations, also presented in figure

48, show the negative slope achieved in the design point region when re-
strictions were added.

Fuel pump efficiencies were calculated from measurements of tempera-
ture rise across the pump made during hot firing tests. The demonstrated

efficiencies are presented in figure 44. These efficiencies are in the range
of 80 to 84%, or apwoximately 60% of the level that is predicted ruing!

_ Worthington similarity curves; the low efficiency is attributed to the non.
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optimum c(mfiguratio,a of tile highly modified pump and was predicted

before testing. Pumps designed specifically for fhese conditions should have

an efficiency closer to the "Worthington" vahte.

IO00 O (;old Flow Test Kesults
Q Test E-1

[_ Test 1"-2

<_ Test E-3

' 900 e _ Test k-4
• _ Test E-5

1_ Test z-7
Design (_ Test E-8

Point _ Test E-9800

700

• 600 Pumpm

i

_d

el Puup Dis-

ChsrgeOrifice
.... Di,meter 0.596 tn.

fuel I)tscharSe
200 Or/free Dtlneter

0.45 tn.

Figure4L Preuur¢Riw Charmcttrinics of MethaneModified DF (dl_2
RLIOA.I F_! Pump;20,000rpm
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Figure 44. Variation in Efliciency With Flow.to.Speed Ratio DF 68971
for _Wethane Modified RLIOA.I Fuel Pump

The durability of the modified fuel pump was considered completely
satisfactory. In test No. E-6 a stress failure of the i_t:t housing was experi-

enced because of a pump overspeed during the start transient (refer to
Section I11). The increased loading of the housing resulting from impeller

diameter reduction (which increased the area upon which discharge pressure

acted) had been recognized, and an 850 psia limit had been estimated from
the calculated housing stress and the 0.2% yield strength of the housing

material at 200"R. The rupture occurred during a pump overspeed when
the first-stage discharge pressure was 900 psia and therefore was not unex-
pected. The failure occurred in the form of a single crack emanating from

the vicinity of the cutwater and extending circumferentially approximately
180 degrees around the housing. Following this occurrence, el:gine control
modifications were made to eliminate the overspeed, and no further fuel
pump malfunctions were experienced.

B. OXIDIZER PUMP

1. PUMP DESCRIPTION

Details of the KLi0A.! oxidizer pump assembly are shown in figure 45.
The assembly has three main housings: an inducer ho_.sing, impeller hous-
ing. and gearbox housing. The gearbox housing flange mates the oxidizer

pump to the fuel turbopump assembly which provides driving power

through a reduction gear train. The pump is a single-stage centrifugal unit
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having a fully shrouded impeller and shrouded axial inducer, l,abyrinths

are incorporated at the inducer shroud to minimize flow recirculation.

Radial blades are used on both the front and rear impeller shrouds to

reduce thrust loads on the shaft. The pump shaft is supported by a ball

bearing located in the impeller housing behind the dynamic seals, and a

• roller bearing located in the gearbox housing. The drive gear is located

between tile bearings, both of which are cooled by fuel which is tapped

off of the first stage housing, approximately at the midpoint of the impeller.

Inducer Shroud Seal P.ing

Impeller Seal Package Gear DriAveC_SA_a_ter

_. "-Gem'bozHoualngImpeller
Houaing

Figure 45. RLIOA-I Oxidizer Pump FD 11043,4

Because fuel is used to cool the gearbox, effective shaft sealing between

the impeller cavity and the gearbox is mandatory. The shaft seal package

used consists of four seals, two bellows type face seals and two split ring

seals. These are shown more clearly in the enlarged sketch of the seal

package presented in figure 46. The bellows type seals are used in the

primary seal positions at both the pump and gearbox. The split ring seals

are used behind the bellows types as secondary seals. Vent ports provide

for overboard discharge of propellants from the cavities between primary

and secondary seals at both sides. An additional port is provided in the

cavity between the two secondary seals. This port is vented during flight,

but low pressure (9-13 psig) helium is supplied to it to provide isolation

i during engine ground test.

7S
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Vent

t (He Seal Dam for Ground Test)

A _ Fuel
• . Vent [ Vent / Secondary Seal

Secondary Seal

prim._ Seal-_ / _ J-_ }-_ / )-l _ / primary
Seal

L-. Rotatinl Face Seal

Figure 46. RLIO Oxidizer Pump Seal Arrangement FD 11042C

2. MODIFICATIONS

The results of preliminary engipe cycle studies indicated that, when

intended modifications to the fuel pump and gearing were made, the
RLIOA-I oxidizer pump geometry would be suitable for flox-methane
operation of the engine. Therefore the only modifications required for
the oxidizer pump were those necessary to make the assembly chemically
compatible with liquid flox. Such modifications had been incorporated

in two RLIOA-I oxidizer pumps used in fluorine-hydrogen engine demon-
$tration testing under Contract NASw-754, and these pumps were available.

The tWO pumps, identified ,,s S/N C71Y001 and C71Y002, were therefore

transferred to the flox-methane pump-fed engine program, i

Details of the compatibility modifications incorporated in the pumps

are fully discussed in Reference 4. The basic rotating elements of the pump
were fabricated from compatible materials and therefore were retained essen-
tially without change. The bearings and gear are located in areas not
normally exposed to fluorine and were also retained. The cast aluminum
inducer and impeller housings, which are exposed to fluorine, were changed
to forgings in order to avoid possible cleaning and porosity problems. The

carbon inducer shroud seal ring was eliminated and, when the change from
castings to forgings was made, the volute cross section area was reduced

so that efficient performance would be maintained at the lower volumetric
flow rates in the fluorine modified engine. The steel sleeve normally in-
stalled in the housing bore to accept shaft seals and spacers was replaced

with two sleeves, aluminum at the impeller cavity, and steel at the gearbox
end. The OD of the aluminum sleeve was electron beam welded at the

surface of the impeller cavity to prevent liquid fluorine from entering the

sleeve-housing interface.

74

1969014791-083



As used in Ihmrine'hydrogen demonstration test engines, the modified

pumps incorporated 3.914 inch diameter RI,10A-3 inapellers rather titan

3.826 inch diameter RI,IOA-I impellers. Tile shaft seal materials employed

in tile primary and secondary fluorine seal positi<ms were a titanium carbide-
nickel cermet. Kentanium K-162B*, and aluminunl oxide. The Kentanium

K-162B was used for the rotating mating rinos on the shaft; alumina was

used in solid form tor secondary seal split rings and as a flame-sprayed

• coating on the primary seal nosepiece. Primary seal bellows were changed

from machined beryllium copper to welded stainless steel.

The Kentanium K-162B-aluminum oxide material combination was

proved in the initial phase o[ a seal material investigation conducted under

the fluorine/hydrogen propulsion research program. The investigation

continued after engine demonstration tests had been accomplished and in

the course of this effort other materials were proved. For the flox/methane

engine program, advantage was taken of later results in making a selection.

Materials chosen for shaft seals included a Kentanium K-162B mating ring

rotating on a K-162B nosepiece in the primary fluorine seal, aluminum

oxide split rings on a Kentanium K-162B secondary fluorine seal mating

ring (which is common for the secondary gearbox seal), and boron nitride

split rings for the _econdary gearbox seal. The hard chrome mating ring

of the primary gearbox seal was retained, but the nosepiece carbon was

changed to Purebon 658RC**grade, which is compatible with gaseous, but

not liquid, fluorine.

Pump testing experience was also gained in the later phases of the shaft

seal material investigation, and this defined other minor changes to improve

the durability of the pump in liquid fluorine service. Changes incorporated

in the oxidizer pump for the flox/methane engine program were: (1) lnco

718 seal bellows were used so that permanent set problems encountered

with stainless steel parts could be avoided; and (2) the impeller front

shroud blading was removed and the rear shroud was scalloped to 3.3 inch

diameter to increase the shaft thrust load and prevent possible unloading

of the primary seal by forward movement of the pump shaft. Impellers
of the nominal RLIOA-I diameter, 3.826 inches, were used.

3. Testing

Although the pump modifications had been proved in liquid fluorine

testing, the fact that the material combinations used for the primary and

secondary flox seals relied upon the formation of nickel fluoride lubricating

films at the seal rubbing surfaces to reduce friction made it desirable to

conduct seal rig and pump tests wire the oxidizer containing 17.4 percent

• K.162B is a designation of the l(,ennametal Company, Latrobe, Pa.

*" Purebon 6J8RC is a carbon grade designation of the Pure Carbon Corp., St. Mary':,
Pennsylvania.
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oxygen before committing the pumps to engine use. A 31.8 minute seal

rig test was condm.ted at the P&WA Florida Research and Development
Center, and a 34 minute and two 5 minute tests of pump assemblies were
conducted at NASA-LeRC Plumbrook Station.

a. Seal Rig Test

The seal rig test in liquid flox was conducted without incident using

the test rig and operating techniques that had been employed for the
original flaorine seal evaluations (see Appendix A and Reference 4).

Operating conditions were: primary seal preload 14 lbs, secondary seal

preload 8 11:3,'lquid flox pressure 145 psia, shaft speed 11,000 rpm, atmos-

pheric oxidize: and fuel seal vent cavity pressures, helium seal dam pres-

sure 35 ps]a. No abnormalities were disclosed in the post-test inspection

of the se_l p .ckage; measured seal wear, shown in table XIII, was perfectly

acceptable. The variation in cumulative flox leakage over the period of

the test is shown in figure 47. Average flox leakage was 23.3 lb,Jhr.

TABLE Xlll. FLOX PUMP SEAL WEAR*

Seal Location Primary Flox Secondary Flox
Seal Seal

Mating ring wear, in. 0.0001 0.0001

Nosepiece/split ring wear, in. 0.0002 0.0001

• Measured a]ter 31.8-minute rig test.
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b. Pump Loop Tests

A 34 minute test of pump S/N C71Y002 was conducted to verify the

integrity of a modified pump in liquid flox and to permit acquisition of

head r:;se and efficiency data.

Performance data obtained during four flow executions from 80 to

210 gpm at 9950 rpm with inlet pressures of 15, 25, and 35 psig are presented

in figure 48. The pump was found to be in generally good condition during

disassembly and inspection foilowilag the 34 minute test, but one discrepancy

was noted. The K-162B primary flox seal mating ring had developed a
hairline radial crack.

7_ ......................
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____2.... a- : ' ; , ' J mr- !,................. : " -F ...... r--'-_-= +1 _-F ..... :

!

p._ _ ..____ .......... : ...,_ .......

L.-o_ <.... + ' '; i _o " ! _., _i . . _ .... i .... ; . i i _ I I
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Figure 48. Performance Data From M.Minute Flox Pump Performance DF 68908

and Durability Demonstration (Pump SIN C71Y002)

No explanation for the mating ring discrepancy was found. Based on

vent pressure measuremenu, seal performance during the entire test period
was consistent; therefore it was aimumedthat the cra_k was present before
testing sm_ed. The measured wear of the primary flo0t seal was approxi-
mately five times that expected based on results of seal rig testing, but was
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still acceptable; the wear at the secondary seal was normal. The increased

wear rate of the primary seal is attributed to the presence of the crack in the

mating ring.

Because of past history with K-162B mating rings and the fact that pump

S/N C71Y002 performed satisfactorily with the damaged mating ring, it was

decided that the configuration was acceptable and that a material change

was not required. The interference fit of the mating ring on the oxidizer
shaft, measured at assembly, was 0.0011 inch. This was less than the maxi-

mum interference fit of 0.0012 inch that had been used successfully in

fluorine pumps tested under Contract NASw-754 and therefore did not

appear to be a factor. However, to reduce the possibility of recurrence, the

maximum allowable interference fit between the mating ring and the shaft
was reduced from 0.0012 to 0.0010 inch.

Following completion of the 34 minute test, both pumps available to
the program, S/N C71Y001 and C71Y002, were assembled in the same con-

figuration and subjected to 5 minute liquid flox checkout tests prior to their
certification for engine use. No discrepancies were noted during these tests

and the calibrated post-test seal leakage was well within established limits.

Performance data obtained during the 5 minute tests of the two pumps in

flow excursions from 80 to 210 gpm at 9950 rpm with a 35 psig inlet pressure

are presented in figures 49 and 50.

c. Engine System Tests

Pump S/N C71Y002, which had accumulated a total of 39 minutes of

component testing, was used for the first two engine firings. During engine

test No. E-I a temporary reduction in oxidizer pump head was experienced

at 5.7 seconds into the 43.4 second test. This was an effect resembling inlet

cavitation, but the net positive suction pressure at the time of the occurrence
was 40 psi, and satisfactory operation of the pump at this level had been

demonstrated previously. The problem was attributed to gas ingestion at

the inlet due either to purge gas leakage or vaporization of flox in the inlet

instrumentation taps. For the remaining engine tests the purge shutoff
valves and the inlet instrumentation tlansducers were moved closer to the

engine to minimize the line volume between them and the engine connec-

tions, and no further head lem problems were experienced.

e" . ""
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Prior to the third engine build using pump S/N C71Y002, a standard

preassembly check of the turbopump seals revealed higher-than-normal

leakage rates across both the secondary flox and secondary gearbox seals

(refer to figure 46). The pump was disassembled and it was found that
the common rotating mating ring between the secondary seals had developed
a single radial hairline crack. Leakage levels had been acceptable in checks

made between engine builds No. 1 and 2 and at engine disassembly follow-

ing build No. 2. It was therefore established that the seal had cracked

during the storage period between builds.

As in the instance of the primary fluorine seal, a room temperature

interference fit between the K-162B mating ring and the inconel shaft was

specified at the secondary seal location because of differences in expansion
properties. It is surmised that the failure resulted from a combination of

the residual stresses caused by the interference fit and thermal cycling during

two pump component tests, 6 engine cold flows, and 2 engine hot firing tests
(41.3 minutes total test duration). Although leakage rates during helium

calibration were measurably high because of the crack, the problem was not

serious enough to have caused any difficulties during an engine test.

Following discovery of the mating ring failure in pump S/N C7 IY002,

the second pump, S/N C71Y001, was substituted for later engine tests. Pump

S/N C71Y002 was reassembled with a new mating ring, but was not required
for further use.

This failure and the similar failure of the primary mating ring in the

pump loop tests indicate that the amount of ring/shaft interference is a
critical item with K-162B rings. This is definitely an area which should be

further investigated if this material is used in future engine programs.

C. TURBINE

1. DESCRIPTION

Turbopump power is supplied by a two-stage partial admission impuhe
turbine. The first and second rotor stages are machined from a single piece
of aluminum and the blades are shrouded to minimize blade tip leakage.
The first stage turbine stator has fixed vanes over an admission arc of

, approximately 135 degrees. The second stage stator is a full admission type.
Adjustment of turbine inlet area is a standard procedure in the assembly of

oxygen/hydrogen engines. Individual passages between vanes are closed
! with plugs as required, and finer adjustment is provided by a vernier gatei

at one end of the admission arc, as shown in figUre 51.
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Admiss_,,n Arc Stator Plugs Admission Arc

Figure 51. RLIOA-I 1st-Stage Turbine Stator Area Reduction FD 12763A

2. MODIFICATION

A significant reduction of the RLI0 turbine first-stage stator area was i

necessary to maintain adequate pressure ratios across the stator with methane.
The standard method of stator area reduction, insertion of stator vane

plugs, was used, but because of the extent of reduction required and the
inherent loss of efficiency as the arc of admission is decreased, a second

technique was also utilized. This second technique was reduction of the

vane trailing edge gap, which achieves some of the required area reduction
without changing the arc of admission. To reduce the trailing edge gap,

the aft portions of the vanes were cut at their inner and outer attaching
points, the trailing edges were bent to the desired positions, and the inner
and outer edges were welded in the new position. To further maximize

the admission arc, a sealant was used on stator vane plugs to prevent
leakage around them. The inlet area measured in bench flow tests follow.
ing modification was 0.471 in. _ compared to 1.145 in? for normal oxygen/

hydrogen operation.

Development experience with the oxygen/h_lrogen RLI0 showed that

a swirl or vortex in the turbine exhamt homing, caused by turbine opera-
tion off the peak efficiency point (optimum U/C), earned a pressure lols
and reduced cycle power. Therefore, to eliminate the Ices of cycle power
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in flox methane demonstration engines, stationary straightening vanes
were installed at the exit of the second-stage turbine rotor. These are

shown in figure 52, which is an exploded view of modified methane pump

and turbine parts.

4

Turbine Housing

Straightening Vanes

Rotor Assembly

_ge Stator

() Shaft Impeller
I Support Plate

Interstage Stator
(Not Shown) _- Inducer Hub 7
2nd-Stap Filler Block /

.d

Ist-Stage Filler Block -/. \

Ist-Stap Impeller

IF| _4416

Figure 52. MethaneModiliedRLIOA-I Fuel Pump and Turbine Parts FD 2383811

3. TESTING

In the first three builds of engine FX-153 the turbine operated
essentially as expected. During tests No. E-4 and E-5 the cycle balanced

at lower than predicted steady.state mixture ratios, a condition sympto-
matic of component failures that reduce the fuel side flow restriction.
Sufficient steady-state data to identify the point of reduced restriction
were not available until after test No. E.5, but when they were obtained
it was established that the turbine inlet flow area had increased. The

program was nearing completion at that point in time and the remaining

scope was insufficient to permit cessation of testing and remova: of the
engine from the test stand for turbine disassembly and inspection. It
was therefore necessary to accept the turbine area change and to proceed
without immediately establishing the mode of failure. The turbine area,

: calculated from engine data, was 0.57 inch; orifice and cont,'ol changes
! were made to compemate for the chanse and balance the cycle for the

remainder of testing.
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Teardown inspection after test No. E-9 provided visual confirmation

that the turbine flow area had increased and permitted the cause to be
ascertained. The failure was associated with the trailing edge modifica-
tion made to reduce the stator area. Several of the weld joints holding

• the vanes in their relocated positions had cracked, permitting the affected
blades to deform and thereby allowing the area to increase. Figure 53
is a post-test photograph of the first-stage turbine stator showing cracked
trailing edge welds. The weld failures can only be explained in light of

the relatively poor welding characteristics of the AMS 4130 (high silicon
content) aluminum used in the stator.

xypj_ Weld
Failures

Figure]J. Post.TestCouditio_oI lst.,Stqe Tmvbin¢Stator FD 2J]qg

Turbine efficiency data obtained durin8 the steady4tate portiere ef
the lonser duration tests are presented in figure 54. The maximum demow
surated efficiency was 51%, which was approximately 5% lower than that
for unmodified RLI0 turbines, but is about 5% higher than was originally
predicted based on o_3q_n_hydrogen RLI0 data for reduced admission
areas. The improvement is attributed to the use of stationary straightening
vanesand reducedtrailinged_ pps. Significantlyhighereff_encies could
be achieved in a turbine designed specifically to operate at these conditions.
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D. GEAR

Turbine power is transmitted to the oxidizer pump through a spur
gear mounted on the common turbine/fuel pump shaft, an idler gear
located in the gearbox homing, and a gear on the oxidizer shaft. The bear-

inp (ball and roller) and spur gears are not lubricated but are cooled

by fuel tapped off of the fuel pump and distributed thr_sgh a system of
internal passages (see Reference 9). The overall gear ratio of the standard
RLIOA-I engine turbopump is 2.5. To permit a reduction of fuel pump

speed without making changes to the oxidizer pump geometry necesa_,
ILLIOA-4gearing, which provides an overall ratio of 2.1IS, was used in
the flox/methane demonstrator.

The calculated fuel flowrate required to cool the bearings and gears
in the hydrogen application is 0.01 Ib./szc, based on the heat generated
at RLIO design conditions. With no modifications to the lmmg_, the

methane flowrate was approximately 0.2 lb./set. Pint-test impection d

the turbopump assemblies did not reveal any wear problems, indicating
84
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that the _o.linl_ ,di,ndcd I>x"tile methane was adequate and prol)al)lv (ovk!
be redu(ed. Fhis i_ ,i si_niticant resuh I)ecause it :ls,,mes th_l _he (()lnqll-

(alion ,,,f separate lul,ri, atino ,)r ¢,,olant supply svstcm_ will not I)e neces-

s._rv in methzme engine dusions.

The ,_nly pr,)blem experienced because of the oe;ir train w,l_ a delay

in the start of turbopump rotation in the tirst tw,, enoine tests, hi

tests No. E-1 :rod E -9 there was a period of .tpproximately 1 second be-

tween the openin_ ,,t the propellant valxes and the start of turl,opmnp

rotation, whereas a hesitation ot. 0._5 seconds is more tx'pical ,,f the RI.10

,,xygen/hydr,,gen engine. The greater delay was tr,ucd to insutticicnt

cleaiance between the hub ot the spur gear on the oxidizer pump shaft and

the gearbox h,nsing of oxidizer pump S'N C71Y00L2. The low clearance

was evidenced by galling of the housing surface, and caused binding when

a rearward shaft loading was applied. Apparently, the pressure resulting

fi'om init:.ati,,n of oxidizer flow provided sufficient rearward loading t,,

cause rnbb;ng. The binding was not revealed in pre- and post-firing static

torque checks which are made with the pump installed ,,n the engine

but with essentially no axial load. The galling at the housing surface

was not visible at disassembly to the component level, but was found

when the pump was completely disassembled for investigation of secondary

seal leakage. No hesitation problems were encountered with pump S/N

C71Y001, and the housing of S/N C71Y002 was machined to provide the

proper clearance. However. as noted above, the original unit was not

required for further service.
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£i_.ECEDING PAGE BLA;,4iz, NOT FILM_L,.

SECTION Vl

VALVES AND CONTROLS

There are seven major vah-es in the propellant flow streams of the

RLIOA-I engir, c. (Kefer to figure 2.) The fuel system incorporates a

fuel in;e_ shutoff valve, two fuel pump cooldown valves, a thrust con-
trol, and a main tuel shutoff valve. Oxidizer tlow is controlled by the

oxidizer inlet shutoff valve and the oxidizer flow control vah,e. Except
for the thrust control and the oxidizer flow control yah'e, all of these

valves are actuated for at least some part of their function by helium

gas pressure that is controlled by ole<tr';cally operated solenoid vah'es.

The solenoid valves respond to electrical signals from the vehicle control
system or, in the case of the tlox'methane engine, from the test facility

sequencer.

Only the two oxidizer valves and the thrust control required modifica-
tion for use on the tlox/methane engine. All other valves were used

without physical change from their RL10A-I Bill-of-Material configura-
tion.

A. FUEL VALVES

1. GENERAL

Four of the fuel-side valves (fuel inlet shutoff, fuel pump interstage
cooldown, fuel pump discharge cooldown, and main fuel shutoff) did not
require any changes from their RL10 configurations, which are described
in detail in Reference 9. Preparation of these valves consisted only. of
vacuum baking (to remove moisture that could freeze during operation)

and bench calibration testing to verify satisfactory sealing and operation.

The functional checks consisted of applying the applicable actuation pres-

sures and checking for proper valve movement. During the engine tests,
all of these valves operated as programed and no requirements for
changes were revealed. After each test the valves were inspected, subjected
to bench tests, vacuum-baked, and stored for use on the next assembly.

The fifth valve in the fuel system is the thrust control. Because of the

great difference in density of methane and hydrogen and also because
scheduling of the starting transient proved to be extremely critical,
several thrust control modifications were required.

2. THRUST CONTROL

a. Description

The thrust control is a servo operated variable position valve that
references chamber pressure and controls the amount of fuel that bypasses

the turbine; this regulates the turbine power and hence turbopump speed.

I
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A schematic diagr:un ¢_f the valve is presented in figure 55. The amount

of bypass flow is determined bv the position of tire sliding bypass valve.

The bypass valve position is estabhshed by the halan_'e of forces resuhing

from the differential between the turbine discharge pressure (acting

on the bottonl of the valve)and the 'serw) chamber pressure and the

springs. Continuous flow to the servo chamber is supplied from the heat

exchanger discharge line through a fixed choked orifice An increase

in combustion chamber pressure moves tire bellows carriage dmvnward

against the springs to open the shear orifice and reduce the servo _hamber

pressure. As the servo chamber pressure decreases, the net force on the by-

pass valve changes, and the bypass valve piston moves to increase the bypass

area. ,ks the b,_pass area increases, the quantity of fuel bypassing the

turbine increases, thus reducing the turbine power output. The bypass

valve travel is transmitted to the bellows carriage through the feedback

spring, thus balancing the forces on the carriage and returning the servo

valve lever to an equilihrium position. Conversely, a decrease in the

chamber pressure allows the bellows carriage to move upward and closes

the shear orifice. Servo chamber pressme then increases and the resulting

force differential moves the bypass valve piston to decrease the bypass area.

THRUSTLEVER(PRELOAD) COMBUSTIONCHAMBERPRESSURE BELLOWS

REFERENCE
RESET

VOLUMEORIFICE

RESETREFERENCE

SHEAR
SERVO

FEEDBACK PRESSURE

"-"--OVERBOARDVENTORIFICE

SERVOSUPPLY
I -- SERVOCHAMBER

,u-.,.,.,,..i. ij-,u-.,,,.,s.-
TOTURBINEDISCHARGE

Figure 55. Thrust Control Schematic FD 3212D

The forces on the thrust control carriage, which positions the servo

lever, consist of combustion chamber pressure acting through the motor

bellows, the pressure acting through the reset t ellows, and the reference

spring and feedback spring loads. The chamber pressure at which the valve

controls is set by the preload on the reference spring. The preload is

adjustable, and the adjustment is normally set and locked during engine

acceptance test. However, for the flox/methane engines, an electromechani-

cal drive was provided to allow remote adjustment during engine tests.
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The control also incorporates a lead-lag reset feature that senses the

time rate-of-change of chamt)er pressure and reacts to prevent system

overshoot or undershoot. It affects the pressure differential acting on the

reset bellows area during transient conditions. The reset bellows internal

pressure is supplied from the body through the pneumatic reset volume

orifice into the reset bellows. (See figure 55.) Because of the restriction

created by the reset volume orifice, rapid changes in chamber pressure

react on the motor bellows before the pressure within the reset reference

bellows can adjust. The resulting imbalance on the reference carriage

allows changes to the position of the servo lever before the preset value

of chamber pressure is reached.

b. ModiJications

Prior t_ the first engine test, the only changes made to the RL10 Bill-

or-Material configuration were resizing of the servo supply and body vent

orifices to compensate for the higher methane density and installation

of a mechanical stop to limit the control bypass area. The bypass area

was limited to approximately 25% of the turbine area to prevent extensive

overcorrection that might produce high speed pump stall. Setting the

control for operation at a 250-psia chamber pressure, compared to 300 psia

for the oxygen/hydrogen RLI0, was accomplished with the reference spring

preload adjustment.

c. Test Experience

The modified valve functioned as expected in bench tests. Examination

of data from the first engine test (No. E-l) revealed that steady-state

control was adequate, but that the response desired during the starting

transient was not obtained, and that more than normal chamber pressure

variation was encountered during that period. This sluggishness appeared

.to be caused by two factors: (1) the flox/methane system is basically

less responsive than an oxygen/hydrogen system and (2) the thrust control

piston had a minor tendency to stick. Operation of the thrust control

piston was well within acceptable limit¢ for an oxygen/hydrogen system,

but when used in the slow response methane system, undesirable system

overcorrections occurred. To improve the control response, larger servo

inlet and body discharge orifices were installed prior to test No. E-2.

These larger orifices increased the flow through the servo system and im-.

i proved the valve's ability to limit thrust undershoot.

In the first two engine tests, the thrust control anticipated an

overshoot and began to open the turbine bypass at a chamber pressure

of approximately 220 psia because of the lead-lag feature. However, the

chamber pressure overshot tc a maximum of S$0 psia, followed by rapid

deceleration toward the 250-psia _t point, became of the slower system

.response. This deceleration occurred almost simultaneomly with the
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initial coolant slowdown resulting from expansion of methane within the

jacket (as explained in 'qection III), and contributed to the severity of
chamber damage encountered on those tests.

The design and testing of a new faster reacting thrust control was

n_t within the scope of this contract; therefore, for the third engine test,
a new starting procedure was devised to avoid the overshoot. A three-way

solenoid valve had been incorporated into the servo chamber supply line

to vent the line to ambient pressure (rather than to supply coolant at

jacket discharge pressure) to reduce power during shutdown. For the
third test, the system was used to deactivate the thrust control at a high

bypass position during tile start transient. With reduced servo supply

pressure, the bypass piston began to open when the turbine discharge

pressure was approximately '_5 psia, and the engine was accelerated with

the turbine bypass full open. This reduced the rate of acceleration and

also prevented system overshoot and subsequent rapid deceleration. The

mechanical stop was changed to further limit the travel of the bypass

piston so that a bypass area consistent with a steady-state chamber pressure

of 235 psia at a mixture ratio of 5.4 would be obtained. During the

first test using this procedure (test No. E-3), the control performed as

expected, and the system accelerated to the predicted chamber pressure

of approximately 230 psia with minimum overshoot.

Several variations of this procedure were used during the subsequent

engine tests, and satisfactory thrust control characteristics were demon-
strated in all tests except No. E-8. During that test, a feedback loop was

established betw, en the thrust control and the marginally seated oxidizer

control valve. The resulting system changes that occurred as the oxidizer

valve changed positions produced more upset than the thrust control

could compensate, and a l-Hz cycling between 200- and 250-psia chamber

pressure resulted. Normally, there is insufficient Power to reaccelerate

the system after the oxidizer valve has become unseated; however, a by-

pass line installed around the oxidizer control valve prior to this test i

evidently changed the system enough to allow reacceleration.

B. OXIDIZER VALVES

As discussed in Section III, there are two valves in the RLI0 oxidizer

flow system: the inlet shutoff valve and the oxidizer control valve.

Oxidizer valves used on the flox/methane engines were assemblies that

had previously been modified for fluorine use and tested in the Contract

NASw.754 hydrogen/fluorine propulsion system research program (Ref-
erence 4). Before being used on t'lox/methane engines, they were rebuilt,
and those additional modifications deemed advisable based on the pre-

viom experience were incorporated. During the initial engine demonstra-
tion tests, minor changes were made to the oxidizer control valve to pro-
vide an altered starting tramient. However, because of the discovery of a

9O

1969014791-098



scri()us pr()l)lenl ()1 ('o()lant tlow slowdown durin,_ lhc slarl Irimsient,

(hanges in s(hcduling Ihal were Ii()1 within the (apal)ility ()t tile vah'c were

required, and it wds nc(essary Io sul)stitutc :1 more extensively moditied

versi,)n fllat pr()vided ,i scheduled openino.

1. LVLET ,_'HUTOFF I'/ILVE

The oxidizer inlet shtnoff vah'e is ,i normally closed, ball-type

vah'e that is actuated l)y helium pressure thr.uoh a sprino-l.aded piston.

l.inear motion ¢)t the at'tuating piston is changed to rotary motion I)y a

ratk and pinion arrangement to provide the required 90-deg-ree I);111ro-

tad.n (figure 56). The vah'e mounts directly on the .xidizer pump inlet

flange, and its inlet flange is the engine-vehicle (engine-test stand) oxidizer
interface.

Fitting for Position Indicator

I _ Actuation Pressure

• _ Port (For opening)

Spring_ .
if " ii_..----Actuator Piston

'I

I Supplemental
IC..sli i IIIIIIli Actuation

i! I PressurePort

 ij !

Actuator _R i

Gear 1

ack"" Guide Bearing

Figure 56. Oxidizer Inlet Valve dctuator FD 17309d

a. Modifications for Fluorine Service

Prior to its use on fluorine/hydrogen engines, extemive changes were

made to the oxygen inlet valve design to achieve compatibility. These are

described in complete detail in R defence 4 and are summariged below:

1. Replacement of cast aluminum housings with machined parts m ._:..

avoid pomible cleaning and pormi_ probl_. _._:_':._-L_/I: : _,: ._.,

2. substitution of soft al,,_m_!n,,_m,seals for Teflon static .aa,_..'._i; .:_-... ..-.".,s..:.:-• . . -', _'._d_'_ ..... ._0;:,,_,_".... ":' '" '"."

, • . :_-_.._,_:" - =

..... .... - .
. , .,;,:.... _,_.

,.:.:;,:
.... ,_,_;_-_:_

• ' ",, .g_:"-'V._,-__• ., ..: ,,.::... _._'.y.

y....'-:'4_,±_
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3. Elimination of dry film lubricants on actuator parts. (Tile gear

and rack were gold plated to reduce triction: other parts were

used without coatings.)

,t. Replacement of the three-ply _ctuator bellows with a single-ply

bellows to avoid possible contamination in tile event of a bellows

ply failure. (The attachment of the actuator rod was also altered

to facilitate cleaning.)

5. Replacement of the Teflon dynamic ball seal with metal-to-metal

seals. Tide single Teflon seal in the st,!ndard valve was replaced
with two metal-to-metal seals, one at either end of the valve,

to assure zero through leakage. An overboard vent was provided

to relieve pressure between the seals. A cross section sketch com-

paring the revised seal arrangement with the original configura-

tion is presented in figure 57. Valve balls with slightly better than

usual sphericity tolerance (0.0003 inch as compared to 0.0005 inch)

were used to improve sealing with the nonresilient materials.

zi
Confiluration = I : Fluorine

Modification

Prmmure Tap
for Fluorine Um

Fluorine

Osn_ 8_1

Figure J7. Oxidizer Inlet Shutof[ Valve FD 1J722
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The performance of the modified valves in fluorine/hydrogen engine

testing was satista(tory: however, some potential problem areas were

revealed. Therefore, during the process of refurbishing tile valves for this

program, additional modifications were made to further improve them.

The initial modification, refurbishment, and incorporation of the later
• changes were accomplished by the supplier of the original oxygen valves,

Parker Aircraft Company.

The changes incorporated during valve refurbishment for the flox/

methane engine are shown in the bottom view of figure 58; these included
(1) redesigned ball seals, (2) remachining of the body static seal grooves

to ohtain sharp-edged interlocking serrations, and (3) redesigned inlet and

outlet flanges to include the ball seals, thereby eliminating two static seals.

The original design of the metal-to-metal seal shown in the top view

of figure 58 featured a bellows-loaded contoured nosepiece grooved to

achieve a labyrinth effect. The stationary nosepiece was stainless steel,

coated with gold to reduce friction and to provide a "soft" contact sur-

face. For the flox/methane engine, the ball seal configuration was changed

from a three land labyrinth seal to a single land seal because etching of

the ball had occurred in the areas under the labyrinth grooves after ex-

posure to fluorine. Apparently fluorine (liquid or gas) trapped in these

groo;,,es was not removed by normal purging. The fluorine reacted slowly

with atmospheric moisture that leaked into the grooves, producing hydro-

fluoric acid that attacked (etched) the hardcoat surface of the aluminum

ball. The use of a single land seal facilitated purging and eliminated the i

post-test etching problem.

Modifications to the static seal grooves were made to reduce the diffi-
culties encountered in making the joints of the originally modified valves ]
leak tight. As can be seen in figure 58, square-edged serrations had been. i

provided in areas where soft aluminum gaskets were used. To maintain a

flightweight configuration to the greatest possible extent, the bolt load-

ings of the original design had been maintained in the modified design.

Unfortunately, the loading was not adequate to prevent delayed leakage

characteristics resulting from continued creep of the aluminum gaskets.

With comparable bolt loading,s, the sharp-edged interlocking serratiom

incorporated for this program increased the unit load on the gaskets, per-

mitting greater initial plastic deformation and thereby decreasing the

tendency for gasket creep.

.. _ _i. i,-..
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PrimarySeal-- I__-_-I

TypicalStaticSeal

t_ Secondary Seal

Original Modification for
Fluorine/Hydrogen Engine

Ball Seal
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I

I

Typical Static Seal

, Secondary Seal

Configuration for .
Flox/Methane En_ne Ball Seal

Figure _8. Oxidizer Inlet SAutolf Valw ,¢kowing Original Fluorine PD 2_(_J

Configuration and Improved Configuration
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b. Test kxperience

(1) C(h_ponent Tc_tmX

Three valxes were refurbished to meet tile combined requirements of
I)(_th this t)roe,ram and a c_m('urrent flu()rine hytlr,_gen enoine dem(msm_-

ti(m c(mdu(ted under Contract NAS3-7991 (Releren_e !(_). Because the

same facility was used h_r testing of engines in I)(_.,hprograms, c(mfli(-ts of

usage requirements were av(_ided, and it was p_ssiblc t(_ whedule valxe

assignments so as always to meet engine demands while maintaining an

available backup unit.

Upon receipt from the supplier, the refurbished valves were subjected

to standard RI,10 leakage and response tests. The results are presented in

tables XIV and XV. In bench tests, gaseous helium was supplied to the

valve inlet port at the maximum specification working pressure of 130 psia,

and leakage was measured (by water displacement for a 15-minute period)
at the vent and discharge ports. Tests were conducted with the valve at

ambient temperature and at 140°F (submerged in liquid nitrogen). Table

XIV shows that zero through leakage was demonstrated in the closed posi-

tion by all valves at both test temperatures. The specification limit for
through leakage in the RLI0 Bill-of-Material valve is 1,'500std cc of helium

per minute through the single seal; however, much lower vahtes are usually

demonstrated. For the modified valves, the leakage vahtes shown repre-

sent the leakage of a single seal for the closed position and the leakage

of two seals for the open position. The measured leakage of the modified

valves was less than the specification limit under all conditions.

TABLE XIV. TEST RESULTS FOR MODIFIED OXIDIZER
INLET SHUTOFF VALVES

Helium Leakage, std cc/min
Valve Valve

S/N' C41Y013 S/N C41Y014 S/N C41Y015Pmition Temperature
4 'Through Vent Through Vent Through Ventii i it

Closed Ambient 0 32 0 ! 6 0 $2

140OR 0 267 0 !$0 0 '210

Open Ambient - 750 - 273 -- 190

140*R - 1000 -- 595 - 200

Two of the valves were subjected to response tests at both ambient

and liquid nitrogen temperatures; the third valve was tested only at LN..
temperature. The tests were made at inlet pressures up to the maximum

working pressure (130 l_ia). Measured response times (in milliu, conds)
are given in Table XV. In imtances where tests were made at both temper.
atures, ambient respome was equal to, or better than, the reduced temper-
ature respome; however, acceptable actuation was demomtrated under
all conditions.
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TABLE XV. OXIDIZER StiUTOFF VALVE RESPONSE

Vahe Valve Valve Valve Response
S/N Position Temperature Time, ms

C-IIYOI3 Opening Ambient 95 ± IO

Closing 7,t _ 5

Opening 14O°R 186 _ 10

Closing 123 _ 5

C-flY014 Opening _mbient 122 ± 5

Closing 77 -- 5

Opening I,t0°R 125 _ lql

Closing 125 ___+10

C41YOl 5 Open ing ,l,rnbien t --
Closing

Opening 140°R 100 _ 10
Closing 95 -4- 10

(2) Operation During Engine Tests

Of the three valves that were refurbished, only one was required for
the flox/methane engine testing. All flox/methane engine tests were ac-

complished with the same inlet valve, S/N C4 IY013. The valve was cleaned,

detail passivated, finai-as_mbled, and assembly-passivated prior to u_ on

the engine, but was not subjected to liquid fluorine flow tests. _ One in-

cident marred the otherwise satisfactory performance of the valve. On the

first engine firing (Test No. E-I), the valve did not close for a period of

50 seconds after the helium supply was vented at engine shutdown.

Bench tests of the valve after removal f'row the engine revealed that

it operated somewhat erratically, and minor etching of the ball flow

passage by acid reaction was observed. This indicated the presence of
moisture, and other indications of moisture within the system were found.

To check the possibihty that moisture caused the problem, the valve was

dried in a vacuum oven, after which it operated normally and was con-
sidered satishctory for use on other engine assemblies. The continuous

gaseous nitrogen purges used to prevent system contamination had a mois-

ture content below 1 ppm for at least 48 hours preceding the test; there-
fore, the source of the moisture was not determined. In later tests, higher

pu_e flowrates were maintained, and the moisture problem did not recur.

To provide assurance that the valve would close without difficulty, a

positive closing preuure was supplied to the supplemental helium actuation

pressure port (figure 56) in the same manner as for units used in fluo-
fine/hydrogen RLI0_,-I engine firings (Reference 4). Helium pressure
was maintained at this port for 54)0 ms after venting the main actuation

• Tbe integrity of the modified mlu¢ design lead been proved in liquid fluorine flow
testbtg undtt Ctmtnttt NdSw-7$4 (Retttence 4); thetelott, duplication oI that testing
*ms trot ¢otuidt_d nttessm T.
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pressure port. This provided a sustained positive pressure tor valve closure,

and no difficultie._ were encountered during the rentaining tests.

2. OXIDIZEI_ t;O.VTI¢OL I',4LI'E

a. Valve Description

The RI.10 oxidizer flow control valve is a spri_lg-l,aded poppet-type

valve that schedules oxidizer flow during the startin._ transient and also

contains an adjustment to set mixture ratio during steady-state operation.

The oxidizer starting flow scheduling includes an initial low volume flow

for pump temperature conditioning followed by a delayed, bttt rapid,

transition to [ull flow When ftfli oxidizer flow start,_, rapid increases in

chamber pressure occur. These produce increases in tnrbine back pres-

sure and in required turbine power. Sequencing of the oxidizer flow transi-

tion is therefore important in the RI,10 because, if the changes occur at

a point where the excess power available for acceleration is no. adequate,

the engine cycle will not bootstrap.

Two configurations of the oxidizer flow control valve were used in

flox/methane engine tests: a Bill-ot-Material valve modified to obtain

fluorine compatibility and a highly modified _heduled opening version

that provided a more gradual transition flow. The major components of

these two valves are compared in figure 59.

_._J L__.
_v_

Ficurt Jg. Modified Oxidizer Flow Control V_ws FD ilgl2,4

" I
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(1) Bill-of-Material Valve

The operation of the fluorine modified Bill-of-Material valve can

best be explained hy reference to the top sketch ill figure 59. The main

flow piston is spring-loaded in the closed position, and a bypass around

the main piston permit_ an initial low oxidizer f!owrate to precool the
pump and to provide heating for cycle acceleration. During engine start,

the piston remains in the closed position until oxidizer pump pressure rise

increases to a level where the pressure differential acting on it overcomes

the spring preload. At that point, the piston starts to move to the open
position, and ".)xidizer flow to the thrust chamber is increased. The transi-

tion from bypass to main flow is very rapid because the axial travel of the

piston is small. The piston traverses from the closed to the open position

with a 60-psi increase in oxidizer pump pressure rise. Sensitivity to pump
pressure rise rather than discharge pressure is achieved by venting the cavity

behind the piston to the oxidizer pump inlet. Maximum travel is limited

by an adjustable stop. This stop is normally adjusted and locked during
acceptance tests; however, during the flox/methane engine tests an electro-

mechanical drive was used to permit mixture ratio variations.

Very few changes to the Bill-of-Material oxidizer flow control valve
were necessary to achieve fluorine compatibility. All basic valve parts are
stainless steel and the main housing sections are assembled using silver
braze. Thus, all these items were retained without alteration. In the oxygen
version, the main flow and starting flow pistons are Teflon coated to
reduce friction, and a Teflon piston ring is used to reduce leakage around
the main piston. Chrome plate was substituted for the Teflon coatings,

and the piston ring was changed to beryllium copper. The only other
change was to replace the existing spring with one having a higher rate.
This was done to obtain greater preloads so that the opening point of the
piston could be delayed.

(2) SCHEDULED OPENING VALVE

As discussed in Section III, engine test experience with the modified
Bill-of-Material valve showed that a more gradual transition from bypass
to full flow would be desirable. A similar requirement had been recognized

for fluorine/hydrogen modified RLIOA3-3 engines being evaluated under
a concurrent program (Contract NAS3-7991), and valve modifications to
effect scheduled opening were made as part of that effort. '.t

A scheduled opening valve from the fluorine/hydrogen program was
made available for the flox/methane engine to expedite engine testing. t

: Operation of the scheduled opening valve is similar to that of the modified
Bill-of-Material valve, but the starting flow piston is eliminated, and the

main flow piston is in the form of a ported sleeve. Bypass flow is provided
thro'tlOaa series of bleed ports in the main piston. (See figure 59.) The

pistoh actuating force is provided by the differential between the oxidizer
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pump discharge pressure acting on the front side ot tile a_tuating pi, ton

and the oxidizer pump inlet pressure acting on tile rear side. Th:" axial

travel of tile piston is significantly longer than the Bill-of-Material valve.

and a 300-psi change in pump pressure rise is required to make the piston

traverse the full span. The sleeve ports are configured to provide a linear

increase in :)xidizcr fhm'ratt with piston movement.

b. P_'eparation

(1) Modified Bill-of-Material Valve

The m,dified Bill-of-Material valve was accepted for use on the fiox/

methane engine without change. It was calibrated with LN 2 and cleaned

and f!uorine-passivated for service in liquid flox. The LN._, calibration of

flow resistance at different piston stop settings is shown in figure 60. This

calibration provided data to establish the initial setting of the piston stop

for engine testing. No changes were made until, as discussed in Section

III, data from the engine tests indicated the desirability of changes in the

bypass flowrate and the poppet cracking pressure for engine test No. E-2.

These were minor changes and required only alterations in the bypass

orifice size and the piston spring preload.

(2) Scheduled Opening Valve

The scheduled opening valve had been used in fluorine/hydrogen

tests of a modified RL10A3-3 engine after flow calibration in liquid nitro-

gen, cleaning, and fluorine passivation. It was therefore accepted for use

on the flox/methane engine without further preparation. Figure 61 shows

the valve flow resistance-piston stop calibration for this valve. Two curves

are shown; one based on LN= bench calibrations, and the other based on

fluorine/hydrogen engine test data. The difference in the two calibra-

tions is probably due to differences in instrumentation locations during

the bench tests and the engine tests; however, with the Bill.of-Material

valves, the bench calibration data usually corroborate the engine data.

The calibration based on the engine tests was considered to be rep-

resentative of installed performance and was used to determine the initial

flox/methane engine settings.
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_. Test Experience

(1) Modified Bill-of-Material Valve

The modified Bill-of-Material vale,: was used in three flox/mcthane

engine tests for a total of 65.5 seconds. No problems were encountered

with valve integxity, and its function was as expected. It was removed
from the engine only after test experience demonstrated that characteristics

different from those that the valve could provide were required for satis-

factory engine starting.

(2) Scheduled Opening Valve

The SC'ILt,tied opening valve was used in Build 4 of Engine FX-153,

which was SW)letted to 6 firings for a total of 120.2 seconds. The integrity

of the part was completely satisfactory but one operational problem was
encountered.

It was recognized that a high differential pressure (approximately 360

psi) across the actuating piston would be required to seat the sleeve of the
scheduled opening valve. Cycle analysis showed that, at some mixtme

ratios, the estimated oxidizer pump differential pressure was less than that

required for seating the valve. (Refer to Appendix C.) Howevcr, because

a high spring rate was desirable to slow the chamber pressure ramp it was

decided not to alter the spring supplied with the valve, and additional

pressure differential was attained by venting the reference cavity to a low

pressure ejector system rather than to normal pump inlet pressure. Cycle

analysis indicated that with 10-psia ejector pressure, the oxidizer pump

discharge pressure - ejector pressure differential would be sufficient to seat
the valve at mixture ratios above 4.5.

During the first engine test with the scheduled opening valve, te_:

No. E-4, a slight delay in opening was noted. This delay was attributed to "

limited ejector system capacity, which prevented the reference cavity from
being pumped-down at a satisfactory rate. In subsequent tests, the reference
cavity was vented to the exhaust diffuser system which provided increased
pumping capacity. This change did not substantially improve the valve
response and it was ultimately determined that the slow decay of the
cavity pressure was caused by restrictions at the reference cavity vent. All
other aspects of the valve's operation were normal as indicated in the test
discussions presented in Appendix D.
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P EC -DINGrAG   dt  .FILMED.
TESTFACILITIESAND PROPELLANTHANDLING

A. TEST FACILITIES

Experimental testing in the Flox/Methane Pump-Fed Engine Study

was conducted at Pratt _ Whitney Aircraft's Florida Research and Develop-
ment (,enter and at NASA Lewis Research Center's Plumbrook Station.

Firing tests, including pressure-fed uncooled sea level and cooled altitude

thrust chamber tests, and pump-fed engine tests, were conducted at the

Florida Research and Development Center, as was the single seal rig test

that w_s made. Tests of liquid flox pumps were made at NASA's Plumbrook
Station.

1. FLORIDA RESEARCH AND DEVELOPMENT CENTER

a. Liquid Propellant Research Facility

(1) General

The Liquid Propellant Research Facility (LPRF) is used for all testing

operations at the Florida Research and Development Center requiring sig-

nificant quantities of liquid fluorine or flox. The LPRF (figure 62) has

four separate horizontal firing bays for 1000-, 5000-, 15,000-, and 50,000-1b

thrust, a component test loop, and an injector water flow calibration bench.

(See figure 63.) The 5000- and 15,000-1b thrust bays are connected to a

continuous steam-driven ejector system for altitude simulation. Supersonic

exhaust diffusers located at the two firing positions expel the combustion

products into a common crossover duct. After leaving the crossover duct

the gases are cooled in a tube-in-shell water-cooled heat exchanger and then

pumped through two-stages of steam ejectors. Combustion products are

pa_ed through a scrubber-condenser that condenses the steam and removes

all but trace concentrations of hydrogen fluoride before they are discharged

to the atmosphere. The capability of the ejector system to maintain exhaust

pressure below 1.5 psia during hot testing assured full expamion in the

15,000-1b thrmt cooled chambers used in the program.

Wader8ul_y Tank

lVammlamaStldw._
Ikmmm,Vmt.-t _ .

............................. _ _'

Figure 62. Liquid Propellant Research Facility lid 19750
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(2) Propellant Supply System

All flox/methane thrust chamber and engine tests conducted under
the program were made in the 15,0,00-1bfiring bay; however, four different
flow configurations were used in performing the tests.

(,4) UNCOOLED PRESSURE-FED THRUST CHAMBERS

The propellant flow path for uncooled pressure-fed sea level thrust
chamber tests is shown _ figure 64. Ambient temperature gaseous methane
was supplied from a 700-gallon high pressure run tank. Because chamber
heat transfer consideratiom limited the run duration to four seconds, a

continuous pressurizing system was not required and the tank served as a
fixed volume blowdown system. Fuel flowrate was controlled by a single
servo-operated control valve; a flow orifice and a choked venturi were used
to provide redundant flowrate measurements. Liquid flox was supplied
from a 300-gallon, 5000-psi tank through a liquid-nitrogen-jacketed run line
with a flow nozzle and a cavitating venturi for measurement, and a single

servo-operated valve for control.
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(B) PRESSURE.FED COOLED THRUST CHAMBERS

Two types of pressure-fed cooled thrust chamber tests were conducted;

separately cooled tests and supplemental cooled tests. In separately cooled
tests, liquid methane for jacket cooling and gaseous methane for injection
and combustion were supplied from separate sources. During supplemental

cooled tests, liquid methane was supplied to the cooling jacket at a flowrate
greater than that required for regenerative cooling and the desired flowrate
of gaseous methane for the injector was tapped off at the jacket discharge.
The flow schematics for these systems are shown in figures 65 and 66. They
both permitted overcooling of the thrust chamber.

For cooled thrust chamber testing, liquid flox was supplied from the
same system used for the uncooled tests. Liquid methane was supplied from

a 700-gallon vacuum jacketed tank; the tank was pressurized with gaseous
hydrogen and a single servo-operated valve was used for flow control. A
turbine meter was used for liquid methane flow measurement in both types

of tests. In the supp'lemental cooled tests, two servo-operated control valves

were used; one maintained the discharge pressure, the other regulated the
amount of fuel tapped off "tosupply the injector. As shown in figure 66,

redundant instrumentation was used to measure the dump flow and the
injector flow. For the separately cooled tests, ambient temperature gaseous
methane was supplied from a 1300 gallon, 5000 psi run tank. Because the
chamber was actively cooled, longer run durations than for the uncooled
tests were planned, and high pressure roadable tube trailers were used to
supply gaseous methane to the 1300 gallon tank. A single servo-operated
control valve was provided in the coolant discharge line to maintain jacket
exit pressure.

(C) ENGINES

A schematic of the facility propellant supply configuration used during
engine tests is shown in figure 67. Because of the large volume-low inlet
pressure requirement:, propellants for the engine tests were supplied from
roadable Dewars. The fuel was supplied from a 5000 gallon, 70 psia !

vacuum-jacketed vessel through a vacuum jacketed run line. Liquid flox _

was supplied from a 500-gallon, 150-psia roadable Dewar connected to a
liquid-nitrogen-jacketed line.
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(3) Test Stand Controls

An automatic closed loop control system consisting of an analog com-
puter, digital sequencer, and the stand mounted electrohydraulic valves was
available for control of test firing events when required. Figure 68 is a

partial view of the LPRF control room showing the analog computer. The
sequencer has capabilities for sequencing operation of up to 40 relay
channels in l-millisecond increments over a time interval of 2000 seconds.

This system was used to interrogate designated parameters at specific time

intervals to provide a go/no-go ind;cation for the test either to proceed or

advance to a sequenced shutdown. Analog control of,up to ten functions

using various control references such as flowrate, chamber pressure, mixture
ratio, etc. x,as possible with the computer.

Figure 68. LPRF Control Room FD 19756

Control sequencing for each of the variom types of tests was established
during cold flow tests using the actual fuel (methane), but with liquid
nitrogen substituted for the oxidizer. For uncooled sea level tests, the

control sequence started with position control opening ramps of both the

fuel and oxidizer valves using a timing sequence which provided simul-
taneous increases in the fuel and oxidizer pressures in "he injector manifolds.
Both valves remained in theopen position until a flow o[ liquid oxidizer was
established at the injector. At this time they were switched to a flow control
mode. The initial poaition control mode was used in order to eliminate
upsets that would be encountered in a flow control mode as the injector
cooled down and the flow changed from gaseous to liquid phase..
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In cooled pressure-fed thrust chamher tests, jacket coolant flow was

established at the steady-state level before propellants were snpplied to the

injector. Cold flow tests were conducted widl the objective of determining

a sequence that w,:tdd initiate injector flow after stable coolant flow was

attained, but before the cooling jacket containe ' a significant amotmt of

liquid. The avoidance of a significant amount of liquid was necessary to min-

imize the reduction or hesitation of coolant flow encountered whtn the rap-

id application of heat flux produced a rapid expansion of the coolant within

the jacket. The coolant inlet valve was operated to control flowrate auto-

matically and the coolant discharge valve was operated to maintain jacket

exit pressure at a preset level automatically. In supplementary cooled tests,

the injector fuel valve received its flow from the jacket discharge line,

which was being controlled at a constant pressure. Tberefore, it was possible

to operate this valve in the same manner as if the fuel were supplied from a

constant pressure tank. The injector propellant ,_mtral scheme used for
cooied tests was almost identical to that described for the uncooled tests.

For engine tests all control functions x_'ereaccomplished by the engine

control system. The test stand sequencer system was used only to schedule

the actuation of the engine solenoid valves and to provide automatic
go/no-go inten'ogations of critical parameters for safety shutdown systems.

Mixture ratio and chamber pressure excursions were manually controlled

from the control room using electro-mechanical drives to adjust the settings
of the engine controls.

The go/ho-go interrogations consisted of either continuous or intermit-

tent sampling of critical parameters to determine if the test could be con-

tinued safely or if it should be advanced to shutdown. These checks,

examples of :hich arc given below, are used on aP firi,_o tests to assure
safety on the -est stand.

!. To verify ignition early in each test, the continuity of a weighted

wi,'e hahging in the center of the exhaust nozzle was checked. The
time required for the wire to burn through was known and there-

fore provided a repeatable verification of timely ignition.

2. After stable operation had been attained, a continuous interroga-

tion was initiated to ensure that chamh,*r pressure was above the
minimum level which would result if severe test rig damage or a

facility malfunction occurred.

3. Continuous monitoring of the elet.rical continuity of a leak detec-

tion system that was used to provide an instat." indication of leaks

in the test stand or test rig fluorine plumbing. The system con-

s;sted of insulated wire wrapped around all lines and valves. If
fluorine leaked through to the w/ring, it caused a reaction of the
insulation and either burn-through or shorting of the wire.
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4. For simulated altitude tests a check of maximum diffuser pressure

was used to ensure that the exhaust pressure did not exceed the

incipient separation level of tne 40:1 area ratio nozzles (3 psia).

5. During the engine tests, a system was used to advance the test in

the event that turbine inlet temperatures exceeded 850°R.

A number of purges were used to prevent contamination of the test

article prior to test and to ensure clearing of propellants at shutdown. In

general, most purges were controlled by electrically or hydraulic'_dly actuated

valves that were sequenced off during the starting transient and were

opened as the run valves were closed. Maintaining a continuous flow

through the oxidizer injector to prevent aspiration of combustion products
into the oxidizer manifold was found to be critical, and therefore a different

purge method was employed at that location. A high flow helium purge

(regulator pressure set at approximately 60% of the steady-state manifold

pressure) _as used. This purge remained on throughout the test and relied

on a redundant check valve system to prevent backflow. This approach

permitted continuous high volumetric purge flow through the oxidizer

injector during normal test transients and assured continuous readiness in

the event of unexpected emergency shutdowns.

(4) Data Acquisition

The. LPRF central data acquisition system (figure 69) is capable of

recording the outputs of up to 135 measurement channels from either of the

four firing bays. Excellent recording accuracy and response are available

through a 100-channel low-level input analog-to-digital converter. The

converter feeds a magnetic tape system at commutated rates up to 80 scans

per second for each of the entire 100 channels. This provides a data sample

from each channel every 0.0125 second.
Speed Vibrations Tape Recorder

for smpt_ Oz)

Miemm4leData_'

Figure 69. LPRF Data Recording Equipment FD 19757,4
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The records from tile digital recorder were used for performance

determination. Two 18 channel oscillographs and 14 channels of direct-

inking strip charts are also available and were used primarily for monitoring

during tests and analysis of transient behavior. A separate system including

amplifiers, transducers and a high-speed 14-track tape recorder provides

high-frequency data collection capability up to 20,000 cycles per second.

The locations of the instrumentation and the recording methods used
for each of the various test configurations are show_ on figures 64 through
67. Figure 70 shows engine mounted instrumentation used m addition to

that shown on figure 67 for the supply system. Continuous remote test

observation was possible through the use of six closed-circuit television

channels with individual monitors; color film coverage was provided by
three high speed cameras.

b. Oxidizer Pump Seal Test Rig

The initial durability and leakage rate test of the flox seal package was

made using a liquid flox seal test rig fabricated and used previously for the

fluorine pump dynamic seal invesugation conducted in the Contract NASw-

754 hydrogen-fluorine propulsion system research program (Reference A-I ) •

The rig was identical in all respects to a modified oxidizer pump, except

that the impeller and inducer were eliminated and the forged housings

were simplified acc-rdingly. A drive adapter used in place of the gearbox

housing acted as a mount between the pump and the drive unit and provided

rear shaft bearing support identical to that in the turbopump assembly.

The bearings were cooled by liquid nitrogen which was introduced at the

rear roller bearing and was routed to the ball bearing mounted behind the

pump dynamic seals. The schematic for the rig test arrangement is presented

in figure 71; it consisted of a liquid nitrogen container, in which the test rig

and a flox condensing coil were submerged, a 5'111_motor, and a variable
speed drive.

A photograph of a test rig installed in the apparatus is presented in

figure 72. This semi-portable arrangement was installed in the pump test

position at the LPRF for the test. Gaseous flox was supplied, under pressure,

from a special portable fluorine evaporator. The flox had previously been

"prepared in this container br evaporating liquid fluorine and liquid oxygen

separately and using the method of gaseous partial pressures to , stablish

the 82.6% concentration in the container. Flox pressure at the seal was

controlled by a remotely operated valve in the gaseous flox supply line.

Seal leakage was calculated from the pressure decay rate of the flox in the
evaporator tubes.
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RurneF

l'Control Valve _ Propane

, (Pr..sure _8ea] Vent

\., ,2:,::
Figure 7I. Flox Seal Test Schematic FD 7394A

_ _ /.fVari-l)rive Unit..1111_l_,Seal Riii._iEl_t,_' -_:

,/_ ._.,.__'---

Figure 72. Liquid Flox ,Seal Test Apparatua FD 7393

2. FLOX PUMP TEST LOOP

Liquid flox pump tests were conducted at the "I" Site of the NASA
Lewis Research Center Plumbrook Station. The pressure and flow capa-
bilities of the system were suitable for testing of modified RLI0 oxidizer

pumps, which made it possible to accomplish the pump te_ting required
for the program without constructing new facilities. The drive adapter
used in the seal rig tests was also used to mount the oxidizer pumps for
these tests.
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The propellant system of the facility is shown schematically in figure

73. It consists of a closed liquid fluorine loop incorporating the pump, a

liquid nitrogen heat exchanger, a liquid fluorine accumulator, and necessary

shutoff and control valves. I,iquid nitrogen troughs are provided to cool all

horizontal runs of fluorine piping.

The closed loop has the advantage of permitting pump tests to be

accomplished with a minimum amount of liquid fluorine or flox. The total

capacity of the system is approximately 500 pounds.

Automatic closed loop controls available at the facility permitted

complete programing of pertinent pump parameters to obtain standard

pump performance data. Typical operation of the RL10 oxidizer pump

included a controlled speed ramp to operating conditions and automatically

controlled flow excursions at constant controlled inlet total pressures. Tests

were limited to static pump inlet pressure_ at or above ambient pressure to

preclude the possibility of leakage into the system.

HeliumandFluorine Valve
Gas Vent

Hehum Pressurization
LiquidFluorine Level Probe Gas

FluorineVent

Fluorine

Nitrogen Vent Shutoff
Valve

)ut

Liquid Fluorine
Pump LiquidNitrogen

Heat Exchanger
LiquidFluorine

Throttling Valve

Outlet _ Fluorine

FlowVenturi

Fluorine Vent _ i

LiquidFluorine
TransferShutoff

600-1bLiquid Valve _ Liquid Nitrogen
FluorineDewm" _ _ Jst_t_l

HeliumG-- Purge

Figure 73. NJSA Liquid Fluorine Pump Loop Facility FD 13724A
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Data acquisition systems available to "I" Site include a low-level input

analog-to-digital _onverter system with magnetic tape recording as _ell as

several types of direct inking recorders and oscillographs necessary for test

monitoring purposes. In testing of the RL10 oxidizer pump, all pertinent

parameters were monitored on low-speed recorders during the entire period
that flox was ill the pump. The analog-to-digital data system was used only

periodically to obtain performance data ar selected points.

B. PROPELLANT HANDLING

1. FLOX

As noted above, all large scale liquid fluorine and flox operations at

the Florida Research and Development Center are conducted at the LPRF.

Handling of the propellants at the LPRF is accomplished remotely from
the control room, which is located about 300 feet east of the test stands.

Except for the supplier's delivery vehicles, which are equipped with manual

vah'es, all fluorine systems are equipped with remotely operated valves.

Liquid fluorine and liquid flox are stored in roadable Dewars similar to the

delivery vessels, but equipped with remote-operated valves. The facility

itself is west of all other test facilities and takes advantage of the prevailing

easterly winds to carry fluorine vapors or reaction products away from
inhabited areas.

The oxidizer in this program was liquid flox with a nominal fluorine
concentration of 82.6 percent. The same procedures used for operation with

liquid fluorine were used in handling the flox mixtures.

Detailed descriptions of fluorine handling procedures used by Pratt g:

Whitney Aircraft are presented in References A-1 and A-2. Rigorous stand-

axds of materials selection, fabrication, cleaning, passivation, and leak detec-

tion are followed for fluorine test facility design and operations. Metals of

proved compatibility and durability (such as nickel, aluminum, copper

and series 300 stainless steels) are used. During system design, mechanical

joints are eliminated and full penetration welds used wherever possible.
Facility valves are of the top-entry solid body type, having copper braid

rings and Teflon chevron stem packings arranged as shown in Figure 74.

Test stand fluorine systems are cleaned upon initial installation and after

modifications involving cutting and _elding. Clt ruing is accomplished by

flushing the system with an acidic solvent followed by flushing with demin.

eralized water and vacuum drying. After cleaning, the system is passivated

using gaseous fluorine at a pressure of approximately 200 psig. Mechani- .

cally assembled subsystems and components, such as instrumentation trans-

ducers, are individually passivated before installation. Prior to the first

test of each series, the facility is passivated for l hour using gaseous fluorine
at 15 psig. During this passivation a complete sniff check is made on all
fluorine joints and valve stems.
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Teflon "V"

Coppe' Braid Packing

PackingColumn

Retainer Plugged
Lantern

Ring

PackingColumn

ValveBody with Ends
PreparedforWelding

Figure 7_. Liquid Fluorine Facility Valve FD 25680

More than 288,000 pounds of liquid fluorine have been consumed at
the LPRF in over 545 rocket chamber firings and ill numerous valve and

pump seal tests. While there have been several incidents involving fluorine
leakage or reactions, there have been no serious personnel injuries and only

minimal facility damage has been encountered.

Liquid flox was prepared in a nitrogen-jacketed roadable dewar by
adding liquid oxygen and liquid fluorine while the dewar was mounted on

load cells. The weight of each constituent added was determined from total

dewar weight monitored and recorded in the control room. The concen-

tration established by weighing was then verified by chemical analyses.
Samples for analysis were taken after the entire flox batch was transferred
to the oxidizer run tank and recirculated back to the roadable vessel twice

to ensure a uniform mixture. Accurate samples were obtained by trapping

liquid flox in a nitrogen-jacketed chamber. After trapping the liquid

sample, the nitrogen flow to the jacket was secured, a valve to an evacuated

bottle was opened, and the sample was permitted to warm up and evaporate
until the system came to equilibrium.

Flox concentration of the vaporized sample was determined by labora-

tory analysis using the wet chemistry mercury absorption technique. This
method of analysis is one of the oldest direct techniques for the determina-

tion of fluorine concentration. It is based upon the rapid absorption of

fluorine gas by elemental mercury to reduce the pressure of a gaseous sample.
The quantity of fluorine absorbed is determined by measurement of the

pressure and volume of the sample before and after absorption.
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The highly accurate mercury-absorption apparatus developed and used
at the Florida Research ,',nd Development Center is shown schematically in

figure 75. It uses a fluorine compatible pressure transducer to atttomatically

record the pressure of the samFle within a constant volume system. In

operation, a portion ot the vaporized flox sample was transferred into the

• evacuated reaction chamber. The reference initial pressure was established

at this point and the recorder was set at }00N,. A measured quantity of
mercury was then allowed to flow into the reaction chamber. The pressure

immediately decayed as the fluorine was absorbed by the mercury. A

magnetic stirrer for the mercury was provided to disperse the inert interface
of mercury fluoride which forms on the mercury surface, and thereby to

assure complete absorption. When complete absorption was indicated (by a

leveling of the pressure trace on the recorder), the reaction flask was opened

to an evacuated expansion coil having • volume equal to the volume of the

mercury added; thus the system was returned to its original volume. The

pressure recorder then indicated directly the percentage of sample tilat wa_

not absorbed. With this apparatus, duplicate analyses of samples in the

range Gf 6_-93_, fluorine have shown a repeatability of 0.28_.

Nigh. _ 1_ Vent

Canerete _

ToM C ,a = ., . II

Manam_

0-20V.D.C. ( _I

I _t_i. a ! EM_tm'll

"
b

Iil1"11

FCgur¢ 7J. Schematic Diagram 0t Mercury Absorption tlpparatm FD 197J3
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A gas chromatograph system (Reference A-2) has heen developed and

was operational during the latter phases of this program: however, it was
not used as a primary check of flox concentration because of the excellent

results obtained with the simpler mercury absorption system.

2. 3IETHANE

Methane was purchased as both a gas in high pressure cylinders and as

a liquid in vacuum jacketed roadable dewars. Methane presented no un-
usual handling problems and was routinely handled using the methods

commov.ly used for flammable gases and cryogenic liquids.

Metllane is non-corrosive and almost any commercially available metal

can be used. In the systems used by Pratt g: Whitney Aircraft. the most

common materials were stainless steel and copper for containers and lines,
and soft aluminum or Teflon coated stainless steel in seals. Some non-

metallic materials can be used in methane depending on the use and required
length of service; however, methane is a strong solvent and non-metallic

materials are usually deteriorated by the solvent action.
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APPENDIX B
DATA REDUCTION AND PERFORMANCE CALCULATIONS

_' A. DATA ACQUISITION

The low-level input digital recording system at the Liquid Propellant

Research Facility wa:_ used during tests to obtain magnetic tape records of

all measured parameters at a scanning interval of 0.0125 seconds. A high-

speed IBM System 360-Model 65 digital computer was used to reduce the

recorded data to engineering units and to calculate the time based averages

that are used for steady-state performance determination...laximum, mini-

mum, and 30" levels of the recorded data within the period of the average

are printed out concurrel:tly with the average to provide a convepient

reference for critical review of parameter stability. Oscillograph, strip

chart, and scan-to-scalJ digital data are also reviewed to ensure parameter

stability.
B. PERFORMANCE ANALYSIS

Performance parameters not directly measured and the methods used

for their determination are described in the following paragraphs.

1. THRUST

a. Uncooled Thrust Chamber Test

Vacuum thrust for the uncooled thrust chambers tested at sea level

conditions was determined from measured thrust using the relation:

F,,¢ = Fm_. + P,A, (B-l)

b. Cooled Thrust Chamber and Engine Tests

The supersonic diffuser described in Appendix A was used to simulate

altitude conditions in all tests of the 40:1 expansion ratio cooled thrust

chambers. The altitude test thrust ch; :abets were mounted so that a portion

of the expansion nozzle projected into the diffuser (figure 76). A low

leakage slip seal was provided at the diffuser entrance to allow free axial

nozzle translation. In determining the vacuum thrust for tests in the altitude

system, the last term in equation (B-l) was modified to include the preuure

forces encountered, resulting in the expression:

F,o, = F_,,0 .-4-P, Ao + Path (Ao-A,) (B-2)

Diffuser

Arm, .%"1%
Pombiel_t

sad Juse. _ = ms_ in.
Figure 76. Schematic Diagram of Chamber.Diffract InstaUation FD 2J6bo
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2. THRUST CHAMBER THROAT TOTAL PRESSURE

Thrust chamber throat total pressure was determined by correcting

injector face static pressure measurements for n_omentum losses. The mo-

mentum loss was determined for each data point using a stepwise procedure

programed for soltttion by digital computer.

To establish conditions at the initial station in the thrust chamber

(see figure 77) it was assumed that injected propellants were mixed but

unburned. The measured injector face static pressure and perfect gas

relationships were then used to deline properties at this station.

/ __q.

Pc • 2 3

Figure 77. ,_'tations Used in Momentum Loss Calculation /'rj 25687

In order to proceed from station 1 to station 2 where combustion is

assumed to be complete, Rayleigh flow relations were used because the
losses due to friction are negligible. The following relations hold between

station 1 and any station x:

Conservation of mass:

_z. plvl. pv (B-s)A
Conservation of momentum:

(I_)
Alg "x Axg

Conservation of energy:

v12 Vx2 Os-s)
bl + i_isj+ Q- h_ + 2-_i

The properSes of the reacting fluid at location x are found through the
simultaneous solution of the above three equations and the equations of

state (assuming chemical equilibrium at station x) :

rl = Pl a1_1 (_.6)

I
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herative calculations based on equations derived from the above, a

Mach number balance against total temperature ratio, and thermodynamic

properties following complete combustion were used t,, determine the fluid

properties at eat h succeeding increment ,,t x between _tatio,_ i and 2. The

tonstant flow area requirement implicit in these relations was satisfied for

the converging RIA0 chamber contour through the division of axial length

between stations 1 and 2 into quarter inch increments for which the area

change was very small.

At station 2 combustion was assumed to be complete and the total

pressl:re at that point was determined. It is assumed that all combustion

occurs upstream of station 2 and. therefore, the combustion chamber throat

total pressure is identical to the station 2 total pressure.

3. PERFORM.4NCE PARAMETERS

Vacuum thrust and combustion chamber throat total pressure (Pt)

determined as outlined in paragraphs 1 and 2 above are used to calculate

the normal thrust chamber and engine performance parameters:

Vacuum Specific Impuls_
F
vac (B-8)

Ivac = r_o + _f

Characteristic Exhaust Velocity

Pt At g

C*(Pc) - Wo + wf
(B-9)

Vacuum Thrust Coefficient

F I g
vac vac (B-IO)

CFvac = Pt A---_= c*

For the low expansion ratio uncooled sea level tests, characteristic

exhaust velocity was also calculated from the measured thrust, using a

theoretical thrust coefficient (C'F,o,) and a calculated stream thrust coeffi-

cient C,, which is equivalent to thrust coefficient efficiency when there are
no kinetic losses.

F g
vac (B-II)c c

s 'Fvac_p

The stream thrust coefficient was calculated using the method of char-

acteristics and including the effects of wall friction (Reference B-I). For

the 15" half-angle area ratio of 3.266 nozzles used, the calculated value of

C. was 0.9758. Good correlation was obtained between c• values based

on thrust and chamber pressure, which confirmed the validity of the method

used to calculate throat total pressure, and thereby provided confidence
in altitude test results.
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-t. PERFORM.4NCE EFFICIENCIEY,

Performance efficiencies were determined using full shiftino" equilib-

rium performance values, calculated with thermochemical data published

by the Joint Army-Navy-Airforce (JANAF) Thermochemical Panel, as the

reterence Because propellant performance i_ a hmction of chamber

pnssure, mixture ratio, and propellant inlet energy, bivariant curve fits

of the theoretical data were stored as permanent data in the computer

program employed for performance calculations.

Theoretical Vacuum Specific Impulse

I' = fl IP_, r, AhiI (B-12)vac I 1
and

Theoretical Characteristic Exhaust Velocity

c*' = f2 IPt, r, Ahi I (B-13)

%Vhere Ahi was used to correct for the deviation of the actual inlet con-

ditions from the reference normal boiling point liquid inlet state. These

curve fits were then used to provide the theoretical performance for the

efficiency determinations:

Ideal Specif:'c Impulse Efficiency

= Iva cIIIvac /I'vac (B-14)

Characteristic Exhaust Velocity Efficiency

71C*(Pc ) = C*(Pc ) / c*' (B-15)

tic* (F) ..... '= c" (F)/C" (B-16)

Vacuum Thrust Coefficient Efficiency

(S-17)Ivacg c* ' _Ivac

_CFvac / c* I vac g _C*
I

In calculating efficiencies, allowances for heat rejection to the thrust

chamber walls were made by applying suitable corrections to measured

performance values. The nature of ule required heat rejection correction

is dependent upon the cooling mode as described in the following paragraphs.

a. Regenerative Cooling (Engines and Pressure.Fed Thrust Chambers)

Specific impulse can be expressed as:
V

I = _ (B-18)
g
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where Vp_ is the propellant _elocity at the nozzle exit, and the chamber/

nozzle steady-flow energy equation may be written as:

h _ h V2 .
o o.l f. f_i V 2 (B-19)__..,____+ + Q +_..2._ = h + De
w w 2gJ pe 2gJ
P P

For regenerative cooling the heat transferred from the combustion

products to the chamber walls is identical ill magnitude to the heat gained

by the fuel in cooli,_.g the jacket and there is no net loss to the system, so

the value of the Q term in equation B-19 is zero, i.e., no correction is

required.

The expression for characteristic exhaust velocity may be written as:

R T (B-20)

c*- _ g kpt Pt Pt

]
k 1

2 Pt a
kpt k + i

Pt

The ratio of propellant specific heats (kp) and the gas constant (Rp) are

weak functions of the propellant combustion temperature (Tv) over the

heat rejection range of interest and can be assumed constant for a given mix-

ture ratio and chamber pressure. The combustion temperature is affected by

the temperature of the propellants at the injection point and therefore by

any heat transfer to the propellants within the system between the inlet

and the injector. There is no appreciable heat transfer to the oxidizer,

but there is significant heating of the fuel which is the jacket coolant.

Characteristic exhaust velocity is a parameter that is based upon com-

bustion product properties in the combustion chamber, i.e., the volume

between the injector and the throat. As in the discussion above for effects

on specific impulse, the heat transferred to the fuel coolant in the com-

bustion chamber (upstream of the throat) is equal to the heat lost by

the combustion gases, and there is no net effect of chamber heat transfer

on characteristic velocity. However, the heat transferred to the fuel in

cooling the expansion nozzle contributes to an increase in the inlet energy

state of the propellant that is not obtained within the limits of the com-
bustion chamber and therefore must be accounted for.

The change in combustion temperature resulting from heat addition

to the fuel may be represented as:

% (B-21)

T'p " Tp ffi
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where Q_ is the heat transferred from the combustion products between

the throat and the nozzle exit. It was not always possible to instrument

chambers to determine coolant temperature rise at the th'.oat, and therefore

the correction was calculated as a constant percent of the overall heat tram-

fer to the jacket. The percentage was based upon coolant temperature

profile data obtained in instrumented chambers used for the pressure-fed

chamber tests, which indicated that 80 percent of the toolant enthalpy
change occurred between the coolant inlet manifold and the thrust chamber

throat. Thrust chambers used in the engine tests did not incorporate

enough instrumentation to provide an accurate de.ermination of the nozzle
heat transfer. The data does, however, tend to substantiate that obtained

in the pressure-fed tests.

Using the 80% value,

_f (Ah.)
Jc (B-22)

Qn = -0.8 ff
P

and, combining equations (B-21) and (B-22)

0,8 fff (Ahjc) (B-23)
T' =T -

p p _ (Cp)pP

Referring to equation (B-20), the corrected c* is then

c* corr = c* meas V_/T'p/Tp (B-24)

or in a form more adaptable for calculations

c* =c* (?I c°rr./ (B-25)
corr meas \ c*' /

Where c*' is determined from the curve fit for c* (equation B-IS) using

the standard inlet conditions (Ah_= 0) and c*'_,_ is determined at standard

inlet conditions using Ah_= Q..

b. Supplementary Cooled Pressure-Fed Thrust Chambers

For the overcooled mode, where a portion of the coolant is dumped

overboard (wtjd), the steady-flow energy equation as it applies to the entire
thrust chamber becomes

(_fjc" _fjd)hfJi V 2 V 2
(B-2S)

Pt Pe
+ _ + Q+ 2--_ ffi h +_

Wp P e 2gJ

where _vfj_- wfjd is the injector fuel flow. In this instance only the heat

transferred to the injector flow by the combustion gases is recovered as

energy in the injected propellants, i.e., there is a net Q loss equal to:

q - 6fjd [hjo - hit ] (B-27)
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The value of specific impulse calculated from the chamber inlet condition

must be corrected for the heat lost in the dumped coolant. Again, the

correction was determined iu practice by using curve fit reference theoretical

performance that accounted for heat rejection. The calculation was:

vac £or

= Ivac \ I wIvaccorr meas _ vac /

where the prime values were determined in the same manner as detailed
for the c* calculation.

Heat transfer elements to be considered for c* efficiency determination

in the overcooled mode include the energy picked up by the injected fuel

(wqc " Wtjo) in the nozzle, minus the energy transferred to that portion of
the chamber coolant flow which is dumped overboard, w m. Considering

that 80 percent of heat transfer takes place between the coolant inlet and

the throat, it can be shown that:

fff (_hj) fff (B-29)
jc c jd(Ahjc )

Q = -0.8 _ + ¢
p p

and therefore:

T' = T - 0.8 r_f_c(dkhjc) _f"
P P _ + -.3d(Ahjc) (B-$O)

P (Cp)p Wp (Cp)p

The corrected value of characteristic velocity is then calculated using equa-
tion B-25.

c. Separately Cooled Rigs

In the separately cooled pressure-fed rigs, gaseous injector fuel was

supplied from a separate source and all of the thrust chamber coolant was

dumped overboard. The increased energy of the gaseous fuel (from the

liquid base conditions) was accounted for in the reference performance

values through the curve fits depicted by equations B-12 and B-IS. The
heat loss corrections to measured data were similar to those used for the

overcooled chambers. In the steady flow energy equation Q is the heat

transferred to the dumped coolant (per pound of propellant).

h Ofhf i 2 V 2 (I_$I)

o o = h-ep
_=_ + _,___ + q + VP_._t +.2_%_
w w 2gJ 2gJ

P P

_Jc (he - h ) (B-$2)
Q = . Jd cJi

W
P

Again, as in the case of the overcooled chambers, the value of specific

impulse can be corrected for heat lint in the dumped coo,lant by ruing
equation B-ZS.
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Also considering that 80 percent of the heat transfer occurs in the
nozzle, the vahw of heat transfer in the combustion chamber is

• - h ) (B-33)
0.2 _jc (hcjd .eli

Qc =. ,
P

The heat lost to the coolant reduces the combustion temperature, therefore

T ' = T - Qc/ (B-34)P P (Ce)p

and the corrected value of characteristic velocity is calculated using the

method of equation B-25.

d. Uncooled Pressure-Fed Rigs

For the uncooled mode, the steady flow energy equation as it applies
to the entire thrust chamber becomes

2 2
V V (B-35)

hp i + pi + Q = h + pe2gJ pe 2gJ

where Q is the heat transferred from the combustion products to the heat

sink chamber/nozzle walls and therefore lost to the exhaust stream. Specific

impulse must be adjusted for the total flow of heat from the combustion

products to the chamber-nozzle walls, which was calculated using heat trans-

fer rates obtained from experimentally determined heat flux profiles.

Corrected specific impulse was then obtained using equation B-28.

The heat transferred to the chamber walls upstream of the throat

reduces the combustion temperature, and therefore must be accounted for
with a correction to c*. The heat transferred was calculated from the

experimental heat flux profile, and c* was corrected using equation B-25.

The use of a correction for thermal growth of the copper chambers
was considered. However at the heat flux levels measured in these tests,

the thermal growth of the 0.75 inch thick copper chambers during the

short duration firings was negligible and corrections were not necessary.

C. EXPERIMENTAL DATA ERROR ANALYSIS

To validate the experimental performance data, a statistical error

analysis wa= made for a typical engine demonstration test. These results

are also applicable to performance data obtained in injector/chamber rig

tests for which almost identical pressure, flowrate, and temperature instru-
mentation were used.

Estimates of performance data uncertainty were obtained by combining

the precision and bias estimates for the individual parameters using a

statistical variation analysis (Reference B-2). Basically, the precision error

of a function may be estimated by combining the precision enm_ of the

independent variables in that function in the following manner:
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n

s02: ( xi)
where:

" $6 = estimate of the precision error for the parameter
(would be l-tr precision for infinite sample)

_6 -- the partial derivative of the function with respect to the
_xi ith variable

S,i -- the precision error estimate value associated with the
ith variable.

For example, in calculating characteristic exhaust velocity based on cham-

ber pressure

AtgPt

C*(Pc)- _p

the precision error estimate, Sk:. rc_, is given by:

2 f _C.Pc_ 2

f_C*Pc_ )2 + c)2

>2

2

(SC_p
where:

_C*Pc_ goPc

The bias limit associated with each function it estimated from identical

equations, but sul_titudng the bias limit of each parameter far the pre-

cision error. Using the methods suggested by the ICRPG Experimental
Measurements Committee (Reference B.S), the uncertainty of each parame-
ter was calculated from

U= ± [B+2S]
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where B is the bias limit ;,lad ._ is the precision. The 2S value of the un-

certainty, U, indicates ih.,_ 95_c confidence interval estimate is used to

represent the precision p ,,'.'ion of uncertainty. I_ therefore represents the

limits around the true val,,. _ beyond which no data would reasonably be

expected to fall.

The uncertainty estimates for the engine performance parameters are

given in table XVI. The uncertainty estimates presented are somewhat

pessimistic because, while they reflect the increased accuracy from redun-

dant measurements, they do not reflect the improvement obtained by time

averaging.

TABLE XVI. EXPERIMENTAL ERROR ANALYSIS-ENGINE
TEST NO. E-7

Parameter Units Nominal Bias Limit Precision

(% of Nominal)2S-95% Confidence Uncertainty
(% of Nominal) (% of Nominal)

Pc lbt/in'_ 238.4 0.156 0.500 0.650

Fv, c lb t 11764 0.121 0.249 0.370

_o lbm/sec 25.54 0.954 0.805 1.759

v_t lbm/sec 5.73 0.914 0.800 1.714

v_p lbm/sec 31.57 0.790 0.679 1.470

Iv.,. Ib(sec/Ib 376.3 0.804 0.716 1.580

c" ft/sec 6670 0.856 1.004 i.860

Cr vsc -- 1.77 0.$$9 0.786 1.125

IS0
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D. LIST OF SYMBOLS

Symbol Parameter Units

A Area in2

CF Thrust Coefficient

C t. Constant Pressure Specific Heat Btu/lbm-°R

Cs Stream Thrust Coefficient

• c* Characteristic Exhaust Velocity ft/sec

F Thrust lbf

f Function of-

g Gravitational Constant (32.174) lbm-ft/lbfsec 2

h Enthalpy Btu/lb=

I Specific Impulse lbfsec/lb=

J Energy Conversion Constant (778) ft-lbf/Btu

k Specitic Heat Ratio

P Pressure lbf/in 2

Q Heat Added to Combustion Stream Btu/lb_

R (;as Constant ft-lbf/lb=-°R

r Mixture Ratio, Wo/'_'t

T Temperature °g

V Velocity ft/sec

_, Flowrate lb./wc

A Difference

Efficiency Percent

p Density lb=/ft s

Subscript
Symbol

a Ambient

c Jacket Coolart

ch Chamber
con" Corrected for Heat Tramfer

d Dump

diff Diffract

• Exit

F Thrmt

| Fuel

I$1
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Subscript
Symbol (Continued)

i Inlet

j Cuoling Jacket

meas Measured

n Nozzle

o Oxidizer

p Propellant Total

PC (,hamber Pressure

s Seal

t Throat Total

vac Vacuum

' Theoretical
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APPENDIX C

ENGINE CYCLE ANALYSIS

A. INTRODUCTION

As noted in the introduction to this repot (Section II), studies were
conducted to establish the theoretical feasibility of operating a modified

RLIOA-1 engine with flox/methane before the contract proglam described
herein was undertakeli. The results of those studies indicated that the

system would be power-limited to a maximum chamber pressure of 250
psia, and component modificatio_s were made based on the assumption of
operation at that level. Before and during engine demonstration testing,
additional cycle studies were conducted, using experimental data that be-
came available, to establish details of the system. Such studies were made
for the initial build and final build of the engine and are presented here
for reference in the form of cycle balance sheets, or schematic diagrams

upon which the operating parameters for components and fluid conditions

at important points in the cycle are noted.

B. INITIAL ENGINE BUILD

Steady-state cycle balances for the ini,_l engine build were completed

based on extrapolation of heat transfer da_,tobtained in the limited pressure-
fed thrust chamber testing that was accomplished, fuel pump performance
estimated from existing data for pump operation with hydrogen and

propane, and oxidizer pump data obtained in component tests. Various
combinations of component configurations were investigated, and a final
arrangement, selected to maximize excess turbine power (bypass flow)

while retaining system stability and providing flexibility for rebalaucing
the cycle as additional data were acquired, was established.

The cycle balance sheet showing the pretest cycle balance for build
No. 1 of engine FX-153 is presented in figure 78. As discussed in Section V
of this report, because of the significantly lower head _ise requirements of
methane compared to hydrogen, reductions in either the fuel pmnp diameter
or speed were necessary. Some speed reductions were achieved through
the use of RL10A-4 gearing, which provided a 2.118:1 ratio iastead of the
2.5:1 ratio that is standard for the RL10A-I engine. The rest of the head i

rise reduction was achieved by reducing the impeller diameters.

I_
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,IF

Becat._e regenerative cooling with a bttlk-boiling coolant creates a

potential for unstable operation, it was considered necessary to maintain

the methane in the cooling jacket above its t ritical pressure with a down-

stream restriction. The restriction could have been incorporated in the

lst-stage turbine stator, but an orifice at the jacket discharge was used so
that the turbine inlet area could be maximized. This was done to increase

the mixture ratio range capability. Figure 79 shows that for an engine

trimmed for r = :5.75, as the mixture ratio is decreased the required fuel

pump discharge pressure increases. This causes a decrease in the amount
,-{of methane flow that may bypass the turbine or, as shown in figure _._, an

increase in the turbine-to-chamber flow ratio*. If the restriction were

obtained with a low fixed turbine area, the system would be power-limited

at mixture ratios below 4.64. The point shown at a mixture ratio o[ 4.5

indicates that by removing the orifice, the fuel pump discharge pressure

could be reduced by approximately 60 psia. This would then permit a

reduction of almost 4% in the required Power and allow extension of the

lower operating mixture ratio limit without changes to the turbopump

assembly.

Data from cold flow tests of the first engine build with the cycle

showed that the modified pump would be operating in a regime of the

head/flow curve having a positive slope. As discussed in Section V, opera-

tion in such a regime is potentially unstable. Therefore, the engine system

was altered prior to the first firing by installing an orifice at the fuel pump

discharge. The cycle balance with the fuel pump orifice installed is shown

in figure 80.

* Although the curves of ]igure 79 were calculated for the case with the orifice in the
system, they would show essentially the same values if the turbine area were sized to
maintain the so'he iacket pressure.
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C. FINAL ENGINE BUILD

Component head rise and efficiency data obtained during engine tests

E-1 through E-3 were used to recalculate a cycle balance for the final engine

build (build No. 4). However, during the first test of the build, the turbine

area increased because welds made to reduce the stator vane trailing edge

gap failed. Recalculated cycle balance points for the actual turbine area

and with a smaller fuel pump discharge orifice installed to compensate for

the area change (i.e., for tests No. E-7 through E-9, see Section III) are
presented in figures 81 through 83 for mixture ratios of 4.75, 5.25, and 5.75

at a chamber pressure of 250 psia. The componerits represznted in these

schematics were those used in the tests of ,he final engine build. The high

fuel pump discharge restriction that was installed to compensate for the

turbine change caused a considerable incr, in the required power. There-

fore, these balances are for a highly compromised engine configuration.

The cycle balance at a mixture ratio of 5.75 (figure 83) indicates that

a cooling jacket discharge pressure below the critical pressure of methane

(673 psia). As mentioned above, operation at subcritical coolant pressures
could result in unstable bulk boiling. The possibility of boiling instability

is avoided in this case because the jacket inlet pressure is above critical,
and the fuel is heated to above its critical temperature before the pressure
is reduced below the critical value. Because of the failure of the turbine

area modification, the jacket inlet pressure was below the critical value
for 9.2 seconds during test No. E-4. No signs of instability were found and

no chamber damage was noted after that test. Several other periods of

subcritical operation were encountered in tests No. E-7, E-8, and E-9 after

some chamber damage had previously been incurred. No signs of instability

were noted, but because of the damage existing at the beginning of those
tests, it cannot be determined whether any tube-to-tube fluctuations existed
that could have contributed to increasing the damage.

Figure 84 shows the maximum chamber pressure that could have been
achieved during build No. 4 if the turbine area had not increased and the

fuel pump discharge orifice had been left at the size originally installed
for dynamic stability purposes. The maximum chamber pressure limits
shown in figure 84 for mixture ratios below 5.0 are limited by cycle power
(zero turbine bypass flow). At higher mixture ratim, the maximum cham-
ber pressure is restricted by the 1100-psi burst strength of the second-stage
fuel pump housing. If this restriction were removed, sufficient cycle power

would be available to attain a chamber pressure of 297 psia at a mixture
of 5.75.
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APPENDIX D

TESTSUMMARY

This appendix is presented in two parts: part I which consists of tables

. summarizing all important tests conducted during the program, and part

II, which provides a detailed history of engine system testing.

The tables in part I are arranged according to type of test as indicated

below. With the exception of the oxidizer pump tests, all testing was

conducted at Pratt g: Whimey Aircraft's Florida Research and Develop-

ment Center. (See Appendix A.)

In part II, the engine system tests are discussed chronologically by

engine build. The presentation here is intended to supplement the engine

testing description given ill Section III. Whereas results were summarized

for the earlier ,,_ction, the testing program is discussed in sufficient detail

in part II to explain the logic for, and limitations under which each of the

engine system changes were made.

PART I - TEST SUMMARIES

Table XVII. Flox/Methane Uncooled Pressure-Fed Thrust Chamber
Tests

Table XVIII. Flox/Methane Cooled Pressure-Fed Thrust Chamber
Tests

Table XIX. Flox/Methane Engine Demonstration Tests

Table XX. Oxidizer Pump and Seal Rig Tests (pump tests con-
ducted at 'T' Site - Plumbrook Station, NASA Lewis

Research Center)
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TABLE XVII. FLOX/METiiANE UNCOOLED PRESSURE-FED
THRUST CHAMBER TESTS

lest ,,o. Duration, Injector S/N Remarksset

I-LSL 2.5 HK 713 Satisfactory start transient; ignition indicated within 50
msec; i sac of steady-state operating data obtained for
per¢ormance calculations.

2-LSL 1.95 HK 713 Satisfactory start transient; ignition indicated within 50
msec; test terminatcd afte• 1.95 sec due to •eactton in
inJecto• oxidize• manifold caused oy purge valve malfunction;
no steady-state data obtained.

3-LSL 2.5 HK 707 Start transient unsatisfactory due to depletion of flex in
run tank; no stet,ly-state data obtained.

&-USL 2.5 HK 707 Satisfactory start transient; ignitxot_ indicated within "b
msec; approxim_tely 1 sec of steady-state operating data
obtained for performance calculations.

5-USL 2.5 HK 707 Approximately 0.75 sec of steady-state operating data obtained
for performance calculations.

6-USL 2.5 HK 707 Approximately 1.5 sac of steady-state operating data obtained
for performance calculations.

7-_SL 1.33 HK 707 Satisfactory start transient; test terminated after 1.33 sec
due to depletion of flox in supply tank; no steady-state
data obtained.

8-USL 4.0 HI< 707 Ignition within S0 _ec; approximately 1.5 sac of steady-
state operating data obtained for performance calculations.

9-USL 4.0 HK 707 Approxi-ately 2.75 sac of steady-state operating data
obtained for performance calculations.

IO-USL A.0 HK 707 Ap;roximately 0.75 sac of steady-state operatinl data
ebtatned for performance calculations.

ll-USL 4.0 JIM 707 Approximately 2 0 sac of steady-state operating data
obtained for paezormance calculations.

12-USL 4.0 IW 707 Approximately 1.75 sac of steady-state operating data
obtained for performance calculations.

13-USL 4.0 IW 707 Approximately 2.25 sac of steady-state operaP.sv.q data
obtained for performance calculations.

14-USL 4.0 1F 764 Approxinately 1.25 8ec of steady-state oparatin 8 data
obtained for performance deteruinatl_n; burning of oxidizer
spud tip ox oat outer row elegant.

I$-USL &.0 1F 764 Approximately 0.5 sac of steady-state opera,ins data
obtained for performance daterssLnation, nc _dditio_l spud
burntns evident on dmaed outer rex spud.

16-CSL 4.0 IF 764 Approxiu_Jtely 1 sac of steady-state operating data obtained
for performance daterulnation.

17-USL 4.0 IF 764 Approximately 1 -ac of steady-'tats operotin8 data obtained
for performance daterv,'uattcm.

18-USL 4.0 IF 76h Approximately 0.75 sac of Jts_-etata operatln 8 d@ta
obt_lLned for parforomsce detaruAnatiox.

19-USL h.0 lay 16 Approximately 0.75 leo of steady-stats operat/_8 date
obtained for • .florence datarulnatiox; large nunber of
mrlrlaro ,,death8 and four oxidiser Injection elaumsto bumd
flush with the oxidiser support plate; temporary injector
repairs Iccemptll_ d cm site.

20-USL 1.6 ItY 1_ Satisfactory start transient; teat tarmieatad after 1.6 sac
oy flourino leak indicaticm at injector INJckplata; 0.25 sac
of steady-state _ratin8 dat,ob_,tead for perfor_nca
daterainet tea.
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TABLE XVIII. FLOX]METHANE COOLED PRESSURE.FED
THRUST CHAMBER TESTS

Test Test Cooling Injector Chamber Remarks
No. Duration Mode S/N S/N

Seconds
6

I-CA 2.5 Supplemental IF 763-1 KD 115 Test terminated prematurely by
false signal from fluorine leak de-
tector system; damage occurred to

• injector e,lter row spuds and some
swirlers; silver braze in tube transi-
tion area of chamber slight washing.

2-CA 5.7 Supplemental IF 763-1 KD 115 Test terminated prematurely by
low hydraulic pressure _ensing sys-
tem; damage to injector spuds and
swirlers occurred in outer row;
many chamber tubes burned in
combustion area, apparently dur-
ing start transient.

3-CA 6.4 Separate IF 763-2 HF 318 Start transient satisfactory; cooling
tubes failed in nozzle; some injector
spud tips eroded, but no swirlers
lost.
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TABLE XX. OXIDIZER PUMP AND SEAL RIG TESTS

Test Type of" Rig Test Remarks
No. Test No. Duration

Min.

• SR-i Seal Rig --- 31.8 Rig test to evaluate shaft seal material combina-
tions for use in the flox pump. Used Kentanium
K-162B nosepiece and mating ring for primary
seal. Secondary seal was Kentanium K-162B mat-
ing ring on a solid alumina split ring. Leakage
and wear rates satisfactory.

P-! Pump* C71Y002 34.0 Pump checkout test. Primary seal mating ring
found to ;,,_ve thin radial crack, but seal per-
formance during test was consistent. Made four
flow excursions at rated speed (9950 rpm). All
data satisfactory.

P-2 Pump* C71Y002 5.0 Satisfactory checkout test of final pump config-
uration.

P-$ Pump* C71Y001 5.0 Satisfactory checkout test of backup pump.

* Pump tests conducted at "I" Site, NASA-Lewis Research Center Plumbrook Station.
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PART II - ENGINE TEST HISTORY

The major occurrences during engine systems testing and the com-

ponent changes incorporated for the tests listed in table XIX are presented "

below by engine build.

A. ENGINE BUILD NO. 1

1. BU1LD SUMMARY

The .trst test of engine FX-153 was conducted primarily to check out

th, _minor modifications made to the test facility to convert from pressure-

fed thrust chamber testing to i,ategrated engine system testing. During the

43.4-second test (designated E-l), several important items were verified:

1. Sufficient starting power was available to provide rapid turbopump
acceleration.

2. The turbopump components oper._ted very nearly as predicted.

3. The control system was adequate.

4. The purge procedures were adequate to prevent damage to the
injector swirlers.

Several problems that limited the duration of nominal chamber pressure
operation were encountered. Also, a malfunction of the oxidizer inlet
shutoff valve at shutdown resulted in severe damage to the chamber and
injector.

2. TEST HARDWARE

Modified RLIOA-3 thrust chamber S/N JP 97 was used in build No. 1 •
of engine FX-153. As described in Section IV, modifications to this chamber _

included installation of cooliag fins in the long tube transition region and
twisted copper inserts in the chamber region. The modified turbopump
and control components used are discussed in Sections V and VI, respec-
tively. Because test No. E-I was primarily a facility checkout test, injector

S/N IF 764, which was recognized as nonoptimum from a performance stand- _
point, was used. This injector, previously used in tests No. 14-USL through
18-USL, incorporated thin qainless steel swirlers in the intermediate rows _,

of oxidizer elements. It was selected for the checkout engine to provide
a stringent check of swirler durability. Experience during the chamber/

injector pressure.fed rig tests had shown that the start and shutdown pro- J

cedures required to prevent damage to this type swirler were more critical
than with the thick nickel swirlers that had been used in preuure-fed tests

i before the engine was assembled.

t
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3. TEST DISC USSION

Important occurrences in test No. E-1 can best be illustrated by refer-

ence to figure 85. Turbopump rotation started 1.3 sec after the main fuel
shutoff valve was opened; this was approximately 1 sec longer than m

" hydrogen fueled RL10 engines. As the engine accelerated, the oxidizer
flowrate was restricted to a low value by the mixture ratio control valve;

. when the oxidizer pump pressure rise reached 140 psi the poppet opened
and allowed full oxidizer flow. This point is shown by the rapid rise in
chamber pressure at 2.7 sec. The 1.4-sec interval between the start of rota-

tion and the opening of this valve was approximately 10 times that en-
countered in an oxygen-hydrogen RL10 transient. However, the engine
did reach design speed, which proved that sufficient power was available
in the cycle.

Although the thrust control reset system reacted to limit the accel-
eration, the chamber pressure overshot to a peak value of 330 psia (at
approximately 3.3 sec). This overshoot was greater than normal and re-
flected an apparent slower reaction of the engine system with flox methane

than with oxygen/hydrogen. Also, the action of the thrust control bypass

piston indicated a tendency toward sticking. When the thrust control

acted, a slight overcorrection reduced the chamber pressure to 220 psia
(at 4.5 sec), followed by a slight overacceleration to 280 psia (at 4.9 sec).

The system appeared to be controlling at 260 psia chamber pressure

at 5.7 sec, when the oxidizer pump discharge pressure suddenly decreased
without a change in turbopump speed. When this occurred, the thrust -:
control sensed the lower chamber pressure and accelerated the turbopump

in an attempt to increase the flow. The oxidizer pump did not recover for !
approximately 3 sec. During this time, the turbopump started to decelerate
and the system restabilized at 175 psia chamber pressure and a mixture
ratio of 3.0 for the remainder of the test. The extent of the speed reduction
was greater than could be expected from the increase in required power

as the oxidizer pump recovered; post-test data examination indicated a loss

of turbine flow when turbopump speed started to decrease.

The loss of turbine flow is indicative of leaks in the cooling tubes;

however it was impossible to recognize the occurrence of leaks while the
test was in progress. The exact time of failure was difficult to establish even
in post.test data analysis, became all conditions were transient up to the
time it occurred. The data indicated that some tube leakage was definitely

i occurring as early as 8.0 lec.

i
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When test E-1 was terminated by the engineer in charge, the oxidizer
inlet shutoff valve failed to close for 50 sec after fuel shutoff. As a result,

approximately 10 gallons of flox were dumped into the hot chamber.
Motion picture coverage of the test was terminated approximately 20 sec
after shutdown, and up to that time no damage was visible; however,

° extensive chamber and injector damage was found at post-test inspection.

The extent of the post-test damage prevented determination of the location

• of the tube failures that occurred during the firing, but analysis of char-
acteristic velocity data showed that they were upstream of the throat. There

was no nozzle damage except at the bottom of the engine, where _t was

obvious that there had been a stream of liquid oxidizer.

The adequacy of the injector purge sequence established for engine
testing was verified by the injector condition following the test. Although

the Rigimesh faceplate and oxidizer spudplate were severely damaged, all
but one of the oxidizer swirlers were intact. That one was located at the

bottom of the injector in a position where the whole spud and a portion of

the spudplate were damaged by reaction during the post-test oxidizer flow. i

!In the following paragraphs, each problem encountered in the test

is listed and its effect on the rest of the system is examined. System changes

made to prevent recurrence of the problems are also discussed.

a. Slow Turbopump Rotation

A delayed start in turbopump rotation is usually the result of high

static torque. As normal test procedure, the static torque is checked before

and after each test or cold flow. The pre- and post-test torques measured

for this test were within acceptable limits for RLI0 engines and were very
close to those measured between cold flows. Because post-test checks of

the assembled turbopump revealed no irregularities, the most probable
explanation for the temporary high torque was that moisture in the system

had condensed and frozen during pump cooldown. Therefore, purge flow-
rates were increased for the next test. The explanation was not entirely

satisfactol7 because all systems were protected by continuous gaseous
nitrogen purges and, during the 48 houri preceding the test, the moisture

content of the purge gas was less than 1 ppm.

b. Slow Response to Thrust Control

Slow response to the thrust control which may have contributed to I_......

than that of an oxygen/hydrogen RLI0 engine. The thrmt control piston ti_ _:" _action was somewhat sluggish (as if it were sticking) but still within laxzpt- _?_

able oxygen/hydrcsen IU..IO limits. For the mcond enlOne build, the
thrmt control sensitivity was i_ by increui_ the mrvo supply flow,

. _4_

(Referto SectionVI for con_l dmcriodon.) . - _-_i,
.-..151 ":;'::

y:__".-.:._-,-_*_ V_
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c. Thrust Chamber Damage

Coolant tube leakage started at some time during the first 8 seconds
of the test. The exact time of failure cannot be unequivocally established;

however, the sharp decrease in turbopump speed at 6.2 seconds could be

symptomatic of the onset. The jacket would have had to be relatively
intact for the fuel turbopump to reaccelerate as it did at 4.,'3and 5.7 sec. It
was thus reasoned that the tubes were weakened or eroded during the early

portion of the transient, and that they failed during the last period of high

turbopump speed. Post-test chamber damage, resulting from flox introduc-

tion through the oxidizer valve that did not close, prevented identification
of the area in which the failure started, but it was encouraging to note that

all regions predicted to have 1:Jwtube wall margins were relatively intact.

It was conjectured that the cause of failure was related to the sudden

expansion of the methane within the jacket during the first chamber
pressure spike. This expansion caused a temporary coolant flow slowdown,
thereby reducing cooling. Some extent of coolant flow slowdown is typical
of the RLI0 starting transient with hydrogen, and with methane the large

density change at vaporization (Reference D-l) increases the duration of the

effect. In test No. E-l, the problem was aggravated by the delay of turbo- i
pump rotation, which increased the amount of high-density methane within _'
the jacket prior to start.

For the second test, oxidizer starting flow was increased to provide
more heat during start, thus reducing the amount of low-temperature

methane within the jacket. In addition, the oxidizer flow control valve

cracking pressure was increased. This was done to allow the fuel system to
reach a higher pressure before the high heat flux occurred.

d. Oxidizer Pump Head Reduction

The temporary decrease in oxidizer pump outlet pressure that started

at 5.7 sec was an effect resembling inlet cavitation. However the net
positive suction pressure at the time of the occurrence was 40 psi and satis-
factory operation of the pump at this level had been previously demon.
strated. The likelihood that the phenomenon was true cavitation was there.
fore small. Gas ingestion at the inlet could have caused the behavior noted,
and the inlet purge system or flint vaporimtion in the inlet imtrumentation

taps would have been possible sources of gas. For later tests the purge

shutoff valves were moved closer to the ealline to minimize the line volume
between them mui the chack vaivea at dse esnsi_ _ msd the inl_
' ---" wereatmmmedmemepted. ThisinbSm
dld not nma'.

"rbeoaidtmr,,hmolt,mlve m _ _:
._

• . , i :::_...
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signal, although the helium pressure that actuates the valve was vented as

sequenced. In post-test bench tests, the valve demonstrated a tendency to
stick, but the resistance that caused sluggish action did not appear to be

enough to prevent closing. As in the case of the high static turbopump

, torque, these factors indicated condensed moisture in the system; the

purge system was therefore modified. Also, a separate helium supply was

added to provide a positive closing pressure to the actuating bellows.

B. ENGINE BUILD NO. 2

1. BUILD SUMMARY

Engine FX-153 was assembled a second time using an optimized injector
and with all component modifications deemed necessary based on the results
of test No. E-I incorporated. The test of build 2, No. E-2, was terminated
at 5.1 seconds when chamber pressure decreased bolow a level considered
reasonable. It was determined that the chamber pressure decrease was

caused by injector deterioration that resulted because of chamber damage.

2. TEST HARDWARE

The same control and turbopump components used in build 1 of
Engine FX-153 were used in build No. 2. The thrust chamber, S/N Jp 88,

incorporated the same modificatiom as those of the chamber for the first i
build, plus instrumentation consisting of twelve coolant bulk temperature
thermocouples. Details of instrumentation installation are discussed in
Section IV.

Modified RLIOA-$ injector S/N $K 2945 was used in this build. The

modifications to this injector, detailed in Section IV, included installation
of thick nickel swirlerl in all oxidizer elements and incorporation of a

reduced imrmity (60 lcfm) Rigimeih fuel faceplate with 0.012-inch
fuel gal_.

3. TE£T DISCUSSION

The following discussion include= a review of the test o_wrenca and
the changes produced by the modificatiom made between tats. At in the

discussion of test No. F.,-I,reference to a time plot o( the primary engine
parameters (figure 86) facilitates undermnding of the important test
eVelltl.

' I
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Turbopump rotation started at 0.9 seconds (compared to 1.3 seconds

for test No. E-l). The chamber pressure level resulting because of the in-
creased flox bypass flow was approximately 30 psi for the first 1.7 seconds,

with a gradual increase to 80 psi over the next 1.0 second. At 2.7 seconds,

there was a rapid chamber pressure increase as the oxidizer control valve

opened. Although the thrust control reset system reacted to control the
system overacceleration by opening the turbine bypass at 2.9 seconds (220
psia chamber pressure), chamber pressure peaked at 330 psia at 3.0 secopds.
The thrust control closed the turbine bypass at 3.7 seconds when the cham-
ber pressure had reduced to 230 psia. At this time the tnrbopump decelera-
tion had almost ceased but speed did not begin to increase for approximately
0.8 second. The limited response to thrust control action indicated that
some chamber tube damage had occurred by 3.7 seconds and that fuel was ._

being diverted into the chamber from the jacket, and not reaching the

turbine. Post test chamber inspection revealed that approximately 60%
of the tubes were bnrned in the chamber area. Analysis of the conditions

occurring in the chamber established that the failure resulted from the

reduced coolant velocities during the coolant slowdown.

At 4.5 seconds the pump reaccelerated. An apparent increase in fuel
flow area at this time reflected initiation of injector damage. The fuel
flow area change was followed by an increase in the oxidizer area, and from

this seq.,ence it was surmised that the injector failure mode was oxidizer
spud erosion. The rapid spud erosion was most probably the result of
reduced cooling because a large portion of the fuel was leaking through

damagee chamber tubes, and low flow, coupled with high methane tem-

peratures, did not provide adequate injector cooling. At the time of failure,
the injector mixture ratio was 6.58 and the methane temperature was 800"g.

4. RESULTS OF SYSTEM CONTROL CHANGES

a. lncre_ed Oxidizer Starting Flow

After test No. E-I. the oxidizer control valve was modified to increa_

the starting flowrate. Thh was done to increase the heat transfer during

the acceleration period, m that the coolant flow d_ which
at the point of rapid chamber preuuge increase, would be diminished. The
increax.d bypmt flow did increase the chamber premure during this period

(SO lafia compared to 15 phi), but the accompanying heat traml_ increme

was imuWa:ient to redta:e the mohnt flomlown. One of tl_ mint i_nt
differeszacreatedbythischansewasadecmaJzinozldizer,pitoncool,
down time. The Ipxate¢ martinll flowral¢ pmmolial mace rapid cmldoml

and ¢amed liquid flax to reach tile injei:t_ _ the _ ammfl
• .h,e qmasL_ tk _w _tkgL.r,ammak bm._ iaja:m _
premumwm atalowvalueand,whilethelowdiffamulalpmmmedldnot

cameanlrproblemdrainsthismC itwm apommlalydamlmmnasaltim , _
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the oxidizer cavity. For the third engine build the bypass flowrate was
reduced to the level used in the first test.

b. Increased Oxidizer Control Valve Cracking Pressure

For the first test the oxidizer control valve poppet was set to open at
an oxidizer pump differential pressure of 140 psi. This was increased to
190 psi for the second test so that the fu:i system would be at a higher
pressure when :he main oxidizer flow started. This change produced the

desired result and also appeared to slow the transition from bypass to main

oxidizer flow. This delay was desirable to reduce the coolant slowdown

caused by a rapid change in heat flux, and the higher cracking pressure
value was retained for the next test.

c. Thrust Control Servo Flow Increase

The thrust control servo supply and body vent orifice sizes were in-

creased to increase the servo supply flowrate and thereby improve control
sensitivity. This modification produced the desired result as evidenced by ._
the reduced chamber pressure undershoot in test No. E-2. The thrust

control was left in this configuration. !

C. ENGINE BUILD NO. $

I. BUILD SUMMARY

Review of tramient data from the first two firings showed that the

secondary slowdown caused by thrust control action was largely respomible
for chamber damage. Therefore. the starting sequence was modified for
test No. E-3 to maintain the thrust control byp_ open al_! the control

locked out of the loop until the turbopump had accelerated and steady-
state conditiom were attained. This control scheme worked essentially

expect(,,'l and the system accelerated to the predicted chamber preuure of
approximately 2S0 paia with minimum ovenhoot. Unfmtunately0 other
changes occurred which produced an even more severe coolant
than previously encountered. The resultin Kcoolant slowdown resulted in

ctmnber damage which limited the mmi,p_t_ chamber lmmme and
mixture ratio, and the test was manually terminated after 17 mxmdL

2. TEST HARDWARE

With the _ oi the ogidia_ Immp, dmrmtdmmbmr,mi tn}ec_,

all ¢OmlmWmt used on engine IFX-15$ fat tat No. g-$ were the _ m
throe mM for the Imz.vimmtwo tern. Oxldi_ pump S/N CTIYO_ whkh

I was lmz.vimm_ reed, was replaced with ms identical unit, S/N CTIYO01.
be_uaedu_sdm _ pe_dbmmm enSi__ a emdncrxk
_in__floEu._ (SeeSe_oeV.)U_mthe
_jemr(S/N_.rn)an_ebnm_ (S/NJr4._e,_m_
indeanin_ XV.nr_. _ _ _ a__
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spudplate with nickel swirlers in all oxidizer elements. Chamber modifi-
cations were similar to those used in the previous engine tests, the major
change being the use of 11-inch tong blocking inserts in the injector ends

of the long tubes. This change was incorporated to increase the chamber
cooling margin in the event of additional coolant slowdowns.

A minor modification to limit the thrust control bypass area was also
incorporated. The bypass piston travel was limited so that the maximum
bypass area would be 10% greater than required for 250-psia operation at
the maximum excess power point. As mentioned, it was predicted that
this bypassarea would provide a chamber pressure of 230 psia at the starting
mixture ratio of 5.4.

3. TEST DISCUSSION

During test No. E-3, a coolant slo,vdown during the start transient was

again encountered. Ho**ever, because of the changes in starting procedure,

the slowdown was entirely due to coolant expansion caused by the rapid
increase in heat flux. With the slower acceleration rate created by the open
thrust control, a substantially larger amount of fuel entered the cooling
jacket prior to the automatic opening of the oxidizer flow control valve
and introduction of full oxidizer flow into the thrust chamber. Thus at

the time when the oxidizer valve opened, producing a step increase in heat
flux, the density of the coolant within the jacket was significantly higher
than on previous tests and the surge due to expansion was much greater
than those previously experienced.

Figure 87 shows the behavior of the important engine parameters
during the start transient. The correspondence of the opening of the

oxidizer control valve and the reduction in measured fuel flow are quite
obvious. Following a slight overacceleration at 2.7 seconds, the engine

stabilized at approximated 225 psia chamber pressure for nearly 0.6 second.
It was established, based upon analysis of test data, that some chamber
damage had definitely occurred by $.5 seconds. However, due to the

transient behavior of the fuel flow before this time, it was impossible to
determine exactly when the damage started to occur. With fuel leakage

through damaged chamber tubes, turbine power decreased and the engine

stabilized at a chamber pressure of 180 psia for the remainder of the test. i
When attempts to increase the chamber pressure failed, the test was ter- !

minated by the engineer in charge. 1

Post-test inspection revealed that about 25% of the tubes had developed
leaks in the chamber region. Most of the damaged tubes appeared to have
pressure type ruptures typical of overheating, although a few tubes showed
indications of injector flow impingement. All other romponents were in
excellent condition.
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One significant difference in this test <ompared to previous engine

firings was the almost immediate start of turbopump rotation. In tests

Nos. E-I and E-2 there was a period of approximately 1 second between

the opening of the propellant valves and the start of turbopump rotation.

In test No. E-3 rotation began at approximately 0.2.5seconds after start. (See

figure 86.) The 0.25-second time to turbopump rotation was a more repre-

sent:ttive value for the RL10 engine; the greater delay in the first two tests

was traced to insufficient clearance between the oxidizer spur gear

hub and the gearbox housing of pump, S/N C71Y002. The low clearance

caused binding when a rearward shaft loading was applied, and was evi-

denced by galling of the housing surface. The binding was not revealed
by static torque checks, which are made with essentially no axial load.

However, the pressure resulting from the initiation of oxidizer flow pro-

vided sufficient loading to cause rubbing. Standard inspection and com-

ponent tests at engine disassembly after test No. E-2 did not reveal the

galling; it was detected only when a complete oxidizer pump teardown was

made to inspect the seal area. (See Section V.)

D. ENGINE BUILD NO. 4

1. BUILD SUMMARY

The engine feasibility demonstration was completed with six firing
tests conducted on engine build No. 4. Although extended periods of
steady-state operation at the design chamber pressure of 250 psia were not
achieved, the problems which prevented the attainment of this goal during
this last test series were relatively minor. A mismatching of components
created by a change in the turbine flow area during the first test of the series
(test No. E-4) was the primary cause. Unfortunately, this was the last test

series and the remaining scope of program effort was not adequate to permit
disassembly of the engine for reoperation of the turbine and a subsequent
reassembly. Various sequencing and propellant flow orifice changes were
made to overcome the mismatch and these allowed a significant amount of
engine data to be obtained.

The total firing duration accumulated in the six tests of build No. 4

was 120.2 seconds; approximately 65 seconds were accumulated at chamber
pressures over 200 psia (17 seconds over 225 Inia). With the exception of
the change in the turbine flow area and some relatively minor damage
smtained by the thrmt chamber, all other engine components were in ex-
cellent condition at the conclusion of the ten program. These results pro.
duced a high degree of confidence that satisfactory operation at the 250 Inia
chamber prtmure design point could be achieved with further minor modi.
fications to the existing componenu.

2. TEST HARDWARE

Build No, 4 wzq assembled ruing the same components employed in
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build No. 3, with the exception of the thrust chamber and oxidizer control
valve. Moditications were made to the thrust chamber and a substitute

oxidizer control valve was incorporated to reduce the coolant surge en-

countered during the starting transients of previous tests.

The thrust chamber, S/N JP 88, was previously used in engine build

No. 2. It was repaired, and two additional modifications were incorporated

to increase tile cooling margin in the chamber area and to reduce the

contained volume in tile tubes. These were: (1) installation of internal

tube fins in the combustion chamber area, and (2) tile insertion of filler

rods in all nozzle tubes. Specific details are given in Section IV.

As previously mentioned, signs of possible injector impingement were
noted on the thrust chamber walls after test No. E-3. To minimize any

effects of oxidizer stream misdirection, twenty-five 0.010-in. diameter fuel
holes were drilled near the outer circumference of the injector face in the

suspect areas, in addition, all fuel annuli in the outer rows were electro-

discharge-machined to increase the gaps in their outer semicircles from 0.015
to 0.020 in.

The satisfactory operation of all components during the initial part

of test No. E-3 provided a representative base for predicting the effect of

control variations on the engine starting transient. Data from that test

verified that it was imperative to minimize the coolant surge resulting from

rapid expansion of the methane contained in the chamber tubes at the

initiation of rapid heat flux increase. Methods suggested to accomplish

this were: (1) supply more heat to the coolant early in the acceleration

period, and (2) reduce the rate of chamber pressure (heat flux) increase.

It was determined that both of these results could best be achieved with

a scheduled gradual opening of the oxidizer control valve, rather than by
delaying poppet action in the standard RL10 valve configuration. An

oxidizer control valve previously modified for scheduled opening and used
on a fluorine/hydrogen modified RLIOA-3-3 engine (as discussed in Section

VI) was available for use on build No. 4. This valve was designed to begin
opening almost simultaneously with the opening of the oxidizer shutoff

valve, providing an immediate source of heat. The valve ports were con-

figured to provide a linear increase in oxidizer flowrate with pump discharge

pressure rise. It was recognized that a high oxidizer pump discharge pressure

would be required to seat the poppet if the existing spring were retained.

However, cycle analysis indicated that sufficient pressure would be available
to seat the valve at mixture ratios above approximately 4.5, and because a

high spring rate was desirable to slow the chamber pressure starting ramp,

it was decided to retain the existing spring. Based on extrapolatiom of data
from test No. E-& it was estimated that this valve characteristic would

provide an almost linear increase in chamber [azsmre with time.
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3. TEST DISCUSSION

a. Test No. E-4

With one exception, the starting sequence for this test was identical to
that of test No. E-3, i.e., open thrust control to be manually actuated when
the engine stabilized after the start transient. The change consisted ¢f
delaying the opening of the oxidizer inlet valve by 0.200 sec to obtain the

fuel lead required to establish coolant flow into the jacket before the start
of oxidizer flow through the scheduled control valve.

Engine behavior during the start transient is illustrated by the plot of
important operating parameters presented in figure 88. The scheduled
oxidizer control valve produced a relatively gradual rise in chamber pressure
during the initial phase of the start, but the turbopump acceleration rate
was greater than predicted and the chamber pressure increase became ex-
ponential rather than linear later in the transient. Some of the increased

acceleration rate was attributed to the higher turbine inlet temperature
maintained throughout the start transient as compared with test No. E-3.
Turbine temperature histories for the two starts are compared in figure 89.
The high temperature in test No. E-4 was the result of the increased residual
heat provided by the greater mass of the cooling jacket (due to the filler

inserts) and also by the scheduled oxidizer control valve which provided a
higher oxidizer flow throughout the starting period. A fuel Slowdown was

noted at the point of maximum chamber pressure increase, but its magni-
tude was minor compared to that encountered in test No. E-3. This verified
that a small _acket volume and an extended chamber pressure ramp were
desirable to prevent chamber damage during the starting period.

The engine stabilized at the design chamber pressure of 250 psia for i

1.5 seconds at a mixture ratio of 3.6, after which the turbopump slowly i
decelerated. The reduced speed resulted in an oxidizer pump discharge {

pressure too low to keep the spring-loaded oxidizer control valve in its full i

open position. (As discussed previously, it was predicted that the oxidizer
control valve would not seat if the engine operated at a mixture ratio below

4.5.) As the valve closed from the full open position it created a higher

flow restriction and, therefore, reduction in mixture ratio which further
reduced speed. When the thrust control was activated at 5.5 seconds there

was a temporary increase in rpm, but it was not sufficient to seat the oxidizer
control valve and the system continued to decelerate. The test was manually
terminated at 15.8 seconds.

There was no visible hardware damage following the test.
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Figure 89. Ef]ect of Engine Modifications on Starting Turbine DF 68959
Inlet Temperature

b. Test No. E-5

Preliminary control room analysis of the data from test No. E-4 indi-

Gated that the mixture ratio was lower than predicted because of delays
in achieving complete opening of the oxidizer flow control valve. It was

felt that if the thrust control bypass were sequenced clmed at the correct
time, turbopump speed could be maintained long enough for the oxidizer

control valve to open fully, thereby permitting the engine to sustain opera-
tion at the desired chamber pressure. Therefore, prior to test No. E-5,
three changes were made to ensure that the oxidizer control valve would

be open before the turbopump experienced any significant speed reduction.
The changes were: (1) the thrust control was sequenced into the system
at the point of peak rpm, (2) the oxidizer control valve reference pressure
cavity was connected to the altitude simulation system to decrease the back
pressure, and (,_) the oxidizer control valve setting was changed to increase "-
the starting mixture ratio.

k

Start transient data for test No. E-5 are presented in figure 90. A_ was _:_ : ,_
expected, no appr_,ciablechange in the initial part of_e art tramient was _

produced by the above mentioned changes. A comparison o_ figme, 88 _

.:_
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and 90 shows that the amount of turbopump deceleration following the
initial starting overshoot was decreased, and the engine sustained the 250
psla chamber pressure level for a longer duration than in the previous test.
The mixture ratio was still low and as the turbine inlet temperature

approached its equilibrium value, the pump speed again decreased to a m

value too low to keep the oxidizer valve seated. As this occurred the chamber

pressure decayed gradually and the test was manually terminated after 24._
seconds.

No visual chamber or injector damage was found after this test; however,
a detailed analysis of the data from this firing in combination with that
from test No. E.4 indicated that the turbine flow area was greater than
intended. For the reasons mentioned above, it was not possible to remove
the engine from the test facility for inspection of the turbine, so it was

necessary to proceed on the assumption that the turbine area had changed
without establishing the mode of the failure. Ultimately, post.test inspection i

revealed that the change resulted from failure of welds made at the stator
vane trailing edges where the vanes were deformed to reduce area.
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c. Tea' No. E-6

Because available funds did not permit removal of the engine from

the test stand for turbine inspection, much less repair, it was necessary to
devise another means of balancing the cycle to increase the mixture ratio
and the turbopump speed. The method chosen was to increase the flow

resistance in the fuel system. The most readily available way to accomplish

this was to decrease the size of the fuel pump discharge orifice. In addition
to providing a higher steady-state mixture ratio balance, a high flow

restriction at this point has a stabilizing influence which was expected to
reduce coolant slowdown.

Test No. E-6 was started with the same sequence used for the preceding

test. The higher restriction at the fuel pump discharge resulted in a sig-
nificant reduction in the turbopump acceleration rate, and, as shown in

figure 91, the thrust control was sequenced into the system before the point
of peak rpm was reached. When the thrust control was sequenced into the
system, it sensed the low chamber pressure and closed the turbine bypass.
The closed bypass coupled with the higher turbine inlet temperature i

(corapared to tests No. E.I and E-2, which were also started with an active
thrust control) produced a speed overshoot before the thrust control could i

react. The resulting high fuel pump pressure caused a rupture of the
first-stage fuel pump housing. At the time of rupture the lst-stage discharge
pressure was 900 psia, or above the 850 l_ia limit estimated from the calcu-

lated housing stress and the 0.2% yield strength of housing material at

200°R. Cycle power was reduced because of the housing failure and the
test was automatically terminated at 4.0 seconds by a low chamber pressure

stand safety system. Poet-test inspection revealed a single crack emanating
from the vicinity of the cutwater arid extending in a circumferential direc-
tion approximately 180 degrees around the homing, i

Some minor leaks in the chamber tubes, attributed to the reduction

in coolant flow which occurred when the fuel pump ruptured, were detected
after the test. These leaks were not visible and could only be located during
pres,ure checks of the chamber. The pressure decay rate during these

checks was very low, and calculations indicated that only about 1% of the

fuel would bypm the turbine. This wasnot comideredto be sipificant
eaongh to affecten#ne operation,and teaing wa. mamaedafter the fuel
pumphomingwasreplaced.
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d. Test No. E-7

Analysis of the data fi'om test No. E-6 showed that the reduced accelera-

tion rate resulting from the greater fuel pump discharge restriction delayed
the occurrence of peak rpm by approximately 0.7 second. For test No. E-7
the activation time of the thrust control was adjusted to compensate. This
reduced the amount of overshoot and eliminated the high fuel pump dis-

charge pressure experienced on the previous test. As shown in figure 92, the

engine stabilized at a chamber pressure of 235 psia, r--4.3, for approximately
5 seconds. This low mixture ratio again caused a decrease in rpm as turbine
inlet temperature decreased. The chamber pressure slowly decreased to
approximately _00 psia and stabilized at that point. The test was terminated
after 61.5 seconds.

Post.test inspection of the engine revealed that the chamber tube

leakage had increased to a point where approximately 15% of the fuel was

being injected through the damaged areas. Most of the damage was in the
form of pinhole leaks just upstream of the throat at a point near the end
of the chamber tim. A few additional pinhole leaks were noted in the

chamber region approximately 2 to 6 in. from the injector. The amount of
leakage represented a flow area of less than 0. ! inL

Became the thrust chamber leakage represented an area approximately
equal to the thrmt control bypass area, calculations indicated that the cycle

would still have adequate power, and testing was continued.
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e. Test No. E-8

To compensate for thrust chamber tube leakage the thrust control was
maintained closed throughout the acceleration transient of test No. E-8.

Also, in order to increase the mixture ratio with the reduced power available,

it was necessary to reduce the flow resistance in the oxidizer system. This
was accomplished by installing a bypass line around the oxidizer control
valve; the line was sized to pass approximately 25% of the oxidizer flow.

During the starting transient the thrust control lead-lag system reacted
to limit overshoot and opened the turbine bypass. When this occurred, the
oxidizer control valve became unseated, producing an additional reduction
in chamber pressure. The thrust control then reacted to increase the
chamber pressure and the oxidizer control valve reseated. As shown in
figure 93, the couple set up between these two valves resulted in a 1 Hz
cycling of the engine between 200 and 250 psia chamber pressure. Experi-
ence in previous tests with this engine had shown that the cycle could not
ordinarily = _cover after the oxidizer control valve became unseated, but in
this instance the oxidizer bypass provided the extra power required for
reacceleration. The upset to the system produced by the cycling resulted in
an average mixture ratio above 6, with a corresponding turbine inlet tem-

perature slightly above 1000°g. The test was automatically terminated at 5.0

seconds by the high turbine temperature abort system. No additional
hardware deterioration was noted after the test.
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[. Test No. E-9

At the completion of test No. E-8, the planned program effort was

essentially complete and the supplies o prepared propellants were nearly

exhausted, but it was decided to attempt one final test to obtain as much

data as possible with the hardware.

In order to avoid control instability, test No. E-9 was made with the

thrust control reference bellows vented so that the turbine bypass would

remain closed throughout the test. No overspeed problem was anticipated

because of the power reduction caused by leakage through the damaged

thrust char _ r tubes. The opening of the oxidizer inlet control valve was

delayed a: ,-'u,t;nnal 0.2 second (total 0.4 second) to ensure that coolant

flow through the damaged tubes was stabilized before oxidizer flow was
initiated.

Figure 94 shows that tile engine stabilized at a chamber pressure of

approximately 230 psia, r--5.3, for approximately 3 seconds. At that time

(5 seconds into the test), the oxidizer pump head rise dropped and the

chamber pressure immediately decreased to approximately 200 psia without

a decrease in pump rpm, indicating ingestion of pressurant gas from the

nearly empty oxidizer tank. The chamber pressure remained at the 200

psia level and at 11.6 seconds the test was terminated by the engineer in

charge.
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APPENDIX F

NOMENCLATURE

Symbol Description Units

CF,..o Thrust coefficient at Pa=0 - :

C. Theoretical stream thrust coefficient (pre- -

dicted aerodynamic efficiency accounting for

friction and divergence losses)

c* Characteristic exhaust velocity ft/sec

Fvac Thrust at P.=0 lbf

h Film coefficient Btu/in2-sec -*R

I,..c Specific impulse at P.=0 lbfsec
lb=

NPSH Pump net positive suction head ft

P. Ambient pressure psia

Pc Chamber pressure psia

r Mixture ratio (oxidizer-to-fuel) by weight -

_r Flowrate Ibm/sec

Ah Specific enthalpy rise Btu/lb=

ee Nozzle exit-to-throat area ratio

_/ Efficiency _o

Subscripts:

Bartz Film coefficient calculated by Bartz closed form

c Coolant

exp Experimental value

(F) Based on thrust
f Fuel

o Oxidizer

(Pe) Based on chamber pressure

theo Theoretical value , :_-i_.




